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ABSTRACT 

Long waves in the equatorial Pacific Ocean during the 
1991-1993 El Nino event were examined using temperature, 
current, and wind time series from the Tropical Oceans-Global 
Atmosphere Tropical Atmosphere -Ocean (TOGA-TAO) moored buoy 
array. Numerous episodes of long wave activity were detected. 
The most prominent episodes were associated with eastward 
propagating equatorial Kelvin waves and with westward 
propagating tropical instability waves and mixed Rossby- 
gravity waves. 

Equatorial Kelvin waves, which were generated by westerly 
wind events in the western and central Pacific, were evident 
in the data between 2°N to 5°S and from 170°W to 110°W. THeae 
Kelvin waves, which were most pronounced from 75 to 300 m, had 
periods of 40 to 70 days, eastward phase speeds of 1.9 to 6.5 
m/s, and zonal wavelengths on the order of 10,000 km. These 
waves were most evident in the northern hemisphere fall and 
winter. The period of greatest Kelvin wave activity was 
August 1991-May 1992, during the peak phase of the 1991-1993 
El Nino event. 

Tropical instability waves were most evident in the data 
between 8°N to 5°S and from 170°W to 110°W. These waves 
occurred during the northern hemisphere summer and fall and 


were confined to the upper 75 m. There was evidence of 
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possible mixed Rossby-gravity waves in association with the 
tropical instability waves. These waves occurred between 8°N 
and 2°N and from approximately 100 m to 250 m. Both the 
tropical instability waves and the apparent mixed Rossby- 
gravity waves had similar westward phase speeds, 0.5 to 1.5 
m/s, and zonal wavelengths, 1500 to *3000 km. The tropical 
instability waves and mixed Rossby-gravity waves had slightly 
different periods, 15 to 30 days and 25 to 30 days, 
respectively. There were strong negative correlations between 
the temperature time series associated with the tropical 
instability waves and that associated with the mixed Rossby- 


gravity waves. 
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1 INTRODUCTION 

A major feature of the equatorial ocean is the large scale 
variability at intraseasonal, interseasonal, and interannual 
time scales. Free propagating long waves are a major cause of 
this variability. These waves are directly responsible for 
transporting heat in the equatorial ocean. This has a major 
impact on the transfer of heat between the ocean and 
atmosphere which strongly affects the development of tropical 
weather systems and the global atmospheric circulation. 

The dominant long waves in the equatorial oceans are 
Kelvin waves, Rossby waves, mixed Rossby-gravity waves, and 
tropical instability waves. These waves can change the heat 
content and sea surface temperature, possibly setting up a 
positive feedback mechanism by changing the equatorial wind 
field which can then generate more long waves. One of the 
dominant feedback loops that occurs in the equatorial oceans 
is El Nifio/Southern Oscillation (ENSO). This study has 
attempted to detect and determine the properties and possible 
forcing mechanisms of these four wave types during the 1991- 
1993 El Nino in the equatorial Pacific Ocean. This has been 
done by using ocean temperature, current, and wind time series 
from the Tropical Ocean-Global Atmosphere Tropical Atmosphere- 
Ocean (TOGA-TAO) array of moored buoys. These time series 


have been analyzed using time series analysis techniques and 


computer animation. 


A. EQUATORIAL LONG WAVES 

For this study, equatorial long waves are defined as waves 
with periods greater than 10 days and wavelengths greater than 
1000 km. The four types of long waves that were investigated 
in this study are described below. These waves can be 
described as barotropic or baroclinic waves depending on their 
vertical structure. Figure 1 shows schematically the vertical 
structure of the barotropic and baroclinic modes for a 
propagating wave. 

The velocity and pressure distribution in the horizontal 
can be used to determine the type of wave detected. Figure 2 
shows examples of the horizontal velocity and pressure 
structure of propagating equatorial Kelvin waves, Rossby 
waves, and mixed Rossby-gravity waves. Subsurface temperature 
and current records can be used to determine the vertical 
Structure of detected waves. 

1. EQUATORIAL KELVIN WAVES 

Equatorial Kelvin waves only propagate eastward and 

are confined to the equatorial wave guide. The equatorial 
wave guide’s latitudinal extent is dictated by the equatorial 
Rossby radius of deformation which for baroclinic waves is 
approximately 100-250 km or 3° of latitude (Gill 1982). They 
can have zonal scales along the equator on the order of 10,000 


km but meridional scales of only 200 km (Miller et al. 1988). 


These waves can have periods from 10 to 60 days (Lukas 
et al. 1984, Cooper 1992). The period is determined in part 
by the time scale of the forcing that generates the wave. 

First baroclinic equatorial Kelvin waves have been 
observed to propagate with phase speeds of approximately 3 m/s 
in the central Pacific and 2.5 m/s in the eastern Pacific 
(Knox and Halpern 1982, Miller et al. 1988, McPhaden et al. 
1988, Hayes et al. 1991, Delcroix et al. 1991, Cooper 1992, 
Johnson and McPhaden 1993). These phase speeds are greater 
than those predicted by linear theory. Linear theory predicts 
that the phase speeds in the eastern Pacific should be about 
2 m/s for the first baroclinic mode and 1.2 m/s for the second 
baroclinic mode (Giese and Harrison 1990). This increase in 
observed phase speed over predicted may be due to Doppler 
shifting of the wave by eastward flowing equatorial currents 
(Knox and Halpern 1982, Eriksen et al. 1983, McPhaden et al. 
1987, McPhaden et al. 1988) or by nonlinear self-advection 
(Giese and Harrison 1990). 

Currents also effect the vertical structure of the 
individual baroclinic modes. Modeling studies by Giese and 
Harrison (1990) show that the first baroclinic mode is 
dominant in the western Pacific while the second baroclinic 
mode is dominant in the eastern Pacific. Figure 3 shows the 
vertical zonal velocity structure of the first four baroclinic 
modes for the eastern and western Pacific (Giese and Harrison 


1990). Figure 4 shows schematically the vertical structure of 


a first baroclinic equatorial Kelvin wave. The dominant mode 
detected in observations of the eastern Pacific has been the 
first baroclinic mode (Knox and Halpern 1982, Eriksen et al. 
1983, Lukas et al. 1984, Miller et al. 1988, Hayes et al. 
1991, Delcroix et al. 1991, Cooper 1992, Johnson and McPhaden 
1993). The only reported detection of a second baroclinic 
mode Kelvin wave was by Lukas et al. (1984) during the 1982- 
1983 El Nino. McPhaden et al. (1986) studied the effects of 
zonal currents on equatorial Kelvin waves. They found that 
the lowest baroclinic modes are modified the least by the 
currents and are not appreciably Doppler shifted, as are the 
higher baroclinic modes. This equatorial Kelvin wave-mean 
current interaction may help explain why detection of 
equatorial Kelvin waves is primarily confined to the first 
baroclinic mode. 

Equatorial Kelvin waves can be generated in a number 
of ways. The most common are: (a) the relaxation or reversal 
in direction of the trade winds (Philander 1981, Lukas et al. 
1984); and (b) the formation of westerly wind bursts in the 
equatorial western and central Pacific (Knox and Halpern 1982, 
McPhaden et al. 1988, Cooper 1992, McPhaden 1993). According 
to Wyrtki (1975), an El Nino may be initiated when the trade 
winds relax or shift in direction. This means that the 
westward sea level gradient along the equator, caused by the 
wind accumulation of water in the western Pacific, cannot be 


maintained. Thus, water starts to flow to the east in the form 


of an equatorial Kelvin wave. 

An expanded theory of El Nino was put forward by 
Graham and White (1988) to help explain its quasi-periodicity. 
They concluded that warm eastern and central Pacific 
equatorial sea surface temperature (SST) anomalies cause 
westerly zonal wind stress anomalies to the west of the SST 
anomalies. These wind stress anomalies generate downwelling 
equatorial Kelvin waves. These waves propagate into the 
central and eastern Pacific and reinforce the warm SST 
anomalies. The net wind stress anomaly field generates a wind 
stress curl field outside the equatorial wave guide that 
produces positive Ekman pumping. This generates upwelling 
baroclinic Rossby waves which propagate westward. The Rossby 
waves take approximately 9 months to cross the Pacific near 
the equator and 4 years to cross at 12°N/S. Upon reaching the 
western boundary, they reflect into the equatorial wave guide 
aS upwelling equatorial Kelvin waves. These upwelling 
equatorial Kelvin waves reverse the sign of the SST anomalies 
in the central and eastern Pacific. This produces easterly 
winds, thus ending the warm phase of the El Nifio. The cycle 
then reverses, producing a cool event, or an anti-El Nifio. 
Graham and White (1988) proposed this mechanism could be 
responsible for the observed 3 to 5 year time scale of the El 
Nino cycle. 

Equatorial Kelvin waves may therefore be generated by 


off-equatorial Rossby waves reflecting off the western 


boundary of the Pacific Ocean. This reflection process has 
been observed in subsurface temperature records by Kessler 
(1990) and in Geosat altimetric sea level observations (White 
and Tai 1992). 

As the downwelling equatorial Kelvin waves propagate 
into the central and eastern Pacific; SST increases. This 
increase in SST can be caused by anomalous advection of warm 
western Pacific water by the equatorial Kelvin wave fronts 
(Harrison and Schopf 1984) and by the downwelling associated 
with the waves, which deepens the thermocline and inhibits the 
entrainment of deep, cold water into the mixed layer (McPhaden 
et al. 1988). 

Kent (1993) has hypothesized an interesting feedback 
mechanism between tropical cyclones and equatorial Kelvin 
waves. He noted that tropical cyclones in the western Pacific 
May generate equatorial Kelvin waves that propagate eastward 
and thicken the mixed layer. This thickened, warm mixed layer 
leads to the generation in the central Pacific of equatorial 
westerly winds with cyclonic vorticity just north and south of 
the equator. The thickened, warm mixed layer and the cyclonic 
winds then contribute to the formation of central Pacific 
tropical cyclones that propagate westward. 

Numerous observational methods have been used to 
detect equatorial Kelvin waves during the last few El Ninos. 
Lukas et al. (1984) detected equatorial Kelvin waves prior to 


and during the 1982-1983 El Nino using sea level and 


subsurface pressure measurements recorded at Pacific islands 
near the equator. Remote sensing satellites have been used 
recently to detect equatorial Kelvin waves. Miller et al. 
(1988) and Delcroix et al. (1991) detected equatorial Kelvin 
waves during the 1986-1987 El Nino by using altimetric 
measurements from Geosat. With the’ deployment of moored 
current meters and thermistor chains in the equatorial wave 
guide, the detection and analysis of Kelvin waves and their 
effects was made easier. A few of these moorings were 
deployed prior to the 1986-1987 El Nino. Johnson and McPhaden 
(1993) used the measurements from moored current meters and 
thermistor chains in the equatorial eastern Pacific to isolate 
an equatorial Kelvin wave signal and to determine its vertical 
and meridional structure and its interaction with the zonal 
mean flow of the Equatorial Undercurrent (EUC)/South 
Equatorial Current (SEC) system. These moorings, along with 
ones in the western Pacific and sea level stations, were also 
used by McPhaden et al. (1988) to study the response of the 
equatorial Pacific Ocean to a westerly wind burst during the 
g366-1987 El Nino. Cooper (1992) examined surface and 
subsurface temperature records from thermistor chain moorings 
during the 1991-1992 El Nifo. These moorings were part of the 
Tropical Ocean-Global Atmosphere (TOGA) Tropical Atmosphere- 
Ocean (TAO) Array. He examined data from October 1991 to 
April 1992. Large subsurface temperature fluctuations during 


this period were associated with the passage of first 


baroclinic equatorial Kelvin waves. 

In this study, we analyzed the evidence for equatorial 
Kelvin waves found in the TOGA-TAO sea surface and subsurface 
temperature records and the Equatorial Pacific Ocean Climate 
Studies (EPOCS) current records from 01 January 1991 through 
31, December 1993. ~This» period covers’ the 1991-1993» ET iis 
event. 

2. ROSSBY WAVES 

Equatorial Kelvin wave energy incident on the west 
coast of South America may excite coastally trapped Kelvin 
waves that propagate poleward along the coast of the Americas 
and partially reflect into westward propagating equatorial 
Rossby waves. Figure 5, from a model Simulation, shows the 
reflection of equatorial Rossby waves froma first and second 
baroclinic mode equatorial Kelvin wave at the eastern model 
boundary (Giese and Harrison 1990). Westward propagating 
equatorial Rossby waves can also be generated by wind stress 
fluctuations in the equatorial wave guide and wind stress curl 
fluctuations in the off-equatorial region. Equatorial Rossby 
waves may be generated by the same equatorial wind forcing 
that generates the equatorial Kelvin waves. Off-equatorial 
Rossby waves may be generated by the wind stress curl away 
from the equator (Philander 1981). For this study, off- 
equatorial Rossby waves will be grouped with equatorial Rossby 


waves because the latitudinal domain, 8°N to 8°S, includes 


areas of interest for both types of waves. 

The zonal phase speeds and zonal wavelengths of Rossby 
waves are latitude dependent, becoming larger toward the 
equator, increasing by the square of the Rossby radius of 
deformation (White 1977). Near the equator, the predicted 
phase speed of a first baroclinic mode* equatorial Rossby wave 
is approximately 0.9 m/s (Gill 1982). Zonal phase speeds of 
1 m/s have been observed near the equator (Lukas et al. 1984, 
Delcroix et al. 1991). White (1977) observed phase speeds of 
0.5 m/s, zonal wavelengths of 15,000 km, and periods of about 
one year for a first baroclinic mode Rossby wave at about 
10°N. 

There have been very few reported detections of 
equatorial Rossby waves. Delcroix et al. (1991) used sea 
level anomalies and surface geostrophic zonal current 
anomalies generated from Geosat altimetric measurements to 
detect a first meridional first baroclinic mode equatorial 
Rossby wave during the 1986-1987 El Nino. This wave was 
probably caused by the reflection of an upwelling equatorial 
Kelvin wave that was also detected. The Rossby wave 
propagated over most of the equatorial Pacific Ocean. Rossby 
waves in the equatorial and off-equatorial regions were also 
detected by White and Tai (1992) using Geosat data from 
November 1986 to August 1989. Lukas et al. (1984) detected a 
first baroclinic mode equatorial Rossby wave during the 1982- 


1983 El Nino using sea level measurements. Off-equatorial 


Rossby waves were also detected by Kessler (1990) using 
bathythermograph profiles collected throughout the Pacific 
Ocean from 1970 to 1987. He detected a Rossby wave at 5°N. 
Apparently, no one has yet detected equatorial or off- 
equatorial Rossby waves using moored current meters or 
thermistor chains. 

In this study, we have looked for evidence of Rossby 
waves in records of equatorial temperatures and currents. 
However, aS shown in chapters II and III, these records 
covered only three years, had long data gaps, were dominated 
by high-frequency fluctuations, and spanned a relatively 
limited latitudinal extent. Thus, the detection of Rossby 
waves with relatively long periods and slow phase speeds was 
problematic. 

3. MIXED ROSSBY-GRAVITY WAVES 

Mixed Rossby-gravity waves were detected by Weisberg 
et al. (1979) along the equator in the Gulf of Guinea. They 
had a period of 31 days, westward phase speed of 0.45 m/s, 
upward phase speed of 0.037 cm/s, eastward group velocity of 
0.16 m/s, downward group velocity of 0.014 cm/s, zonal 
wavelength of 1220 km, and vertical wavelength of 990 m. 
Using satellite infrared imagery, Legeckis (1977) detected 
tropical instability waves at the sharp SST boundary between 
the South Equatorial Current (SEC) and the North Equatorial 


Countercurrent (NECC) in the eastern equatorial. These waves 
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had periods of 20 to 30 days, westward phase speeds of 0.46 
m/s, and zonal wavelengths of 800-1200 km. Troplca 
instability waves have similar features to equatorially 
trapped mixed Rossby-gravity waves, such as westward and 
upward phase propagation and eastward and downward propagation 
of energy (Halpern et al. 1988). 

Tropical instability waves are primarily generated by 
barotropic instability between the SEC and the NECC (Figure 6) 
(Legeckis 1977, Cox 1980, Hansen and Paul 1984). There is 
also significant conversion of mean potential energy to eddy 
kinetic energy; thus, baroclinic instability is considered a 
secondary mechanism (Hansen and Paul 1984). 

Seigel (1985) found that near the equator the period 
of tropical instability waves varied from 20 to 30 days. The 
shorter period waves tended to occur nearer the equator 
because the period of the waves was inversely related to the 
strength of the SEC. Philander et al. (1985) found that the 
period of the most energetic fluctuations varied from 30 days 
at 4.5°N to 70 days at 10°N. Périgaud (1990) detected 
instability waves between 3°N and 8°N with periods between 28 
and 40 days. The maximum wave energy was along 6°N with a 
period of 33 days in the eastern Pacific and 40 days in the 
western Pacific. Périgaud (1990) speculated that this 
increase in period from east to west may be explained by wave 
dispersion. 


Tropical instability wave westward phase speeds range 


real 


from 0.4 m/s (Périgaud 1990) to 0.93 m/s (Halpern et al. 
1988). The zonal wavelengths range from 400 km (Legeckis et 
al. 1983) to 2200 km (Périgaud 1990), while meridional 
amplitudes are 200 km to 400 km (Legeckis et al. 1983). These 
waves occur mainly between 90°W and 160°W and between 3°S and 
5°N (Legeckis 1984), which are the regions of maximum 
horizontal shear (Philander et al. 1986). 

Since the unstable mean currents are confined to about 
the upper 100 m, tropical instability waves tend to be 
confined to this region (Philander et al. 1985). The vertical 
extent of this layer depends on the depth of the thermocline 
which varies significantly with longitude (Philander et al. 
1986). In a survey of the data record from 1979 to 1985, 
Halpern et al. (1988) found that the depth of penetration of 
tropical instability waves was greatest at 110°W and least at 
140°W. Cox (1980) used a model simulation and detected waves 
with a 20 day period trapped near the surface and waves with 
a 30 day period penetrating to deeper depths. He believed 
these to be two different types of waves. Philander (1978) 
determined that tropical instability waves in the upper layer 
of the ocean may excite vertically propagating equatorially 
trapped mixed Rossby-gravity waves that propagate into the 
deep ocean. These vertically propagating mixed Rossby-gravity 
waves have their maximum amplitude within a few degrees 
latitude of the equator, while fluctuations observed poleward 


of 4°N and 4°S are from the higher latitudinal modes of the 


i2 


deep ocean (Philander et al. 1985). 

Tropical instability waves are mainly generated during 
the northern hemisphere summer and fall between the equator 
and 5°N, and to a lesser extent during the northern winter 
just south of the equator (Cox 1980). Tropical instability 
waves are most prominent in the northern summer and fall when 
the southeast trade winds are at their peak, causing the SEC 
and NECC to become highly unstable (Philander et al. 1985, 
Gordon 1992). 

The westward flow of the SEC is cold because of 
equatorial upwelling and advection of upwelled cold water from 
the coast of South America. The eastward flowing NECC is 
advecting warm water from the western Pacific. The eddies 
associated with the tropical instability waves transport heat 
equatorward in opposition to the poleward transport due to 
Ekman divergence (Cox 1980). This equatorial transport of 
heat is of potential importance for the heat balance and SST 
in the equatorial region. 

Most studies of tropical instability waves have used 
Satellite infrared (IR) measurements. Topical instability 
waves have not been detected in this way during El Nino 
periods because the warming of the central and eastern Pacific 
limits the magnitude of the SST gradients (Legeckis et al. 
1983, Legeckis 1984). Périgaud (1990) did detect tropical 
instability waves during the 1986-1987 El Nifio using the 


Geosat altimeter. The amplitudes of the tropical instability 
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waves were relatively weak during this period, presumably 
because of the reduced current shear caused by the decrease in 
the intensity of the trade winds. Very few studies of 
tropical instability waves using moored current meters and 
thermistor chains have been conducted. Halpern et al. (1988) 
used moored current and temperature measurements along the 
equator and at near-equatorial sites north and south of the 
equator. They detected tropical instability waves from 1979 
to 1985. The tropical instability waves were absent during 
the onset of the 1982-1983 El Nino. Weddle (1993) simulated 
the 1991-1993 El Ninfio using a general ocean circulation model 
with embedded mixed layer physics and realistic daily varying 
wind stresses covering the period 1991 and 1992. The model 
developed tropical instability waves in the eastern Pacific. 

Based on the Geosat observation of tropical 
instability waves during the 1986-1987 El Nino and their 
generation in the 1991-1993 El Nino model simulation, this 
study should be able to detect tropical instability waves 
during the 1991-1993 El Nifio using moored thermistor chain and 
current measurements. This study should also be able to 
determine the vertical, latitudinal, and longitudinal extent 
of the waves at and near the equator because of the extended 


areal coverage the TOGA-TAO Array now offers. 
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B. 1991-1993 EL NINO 

In this study, we investigated the 1991-1993 El Nifio 
event. This was an unusually long event with two distinct 
episodes of equatorial westerly wind anomalies in the western 
and central Pacific and positive equatorial SST anomalies in 
the central and eastern Pacific. There were also a number of 
propagating equatorial Kelvin waves present during this period 
(Cooper 1992, Kent 1993). The following chronology of the 
1991-1993 El Nino is a summary of the information presented by 
Kousky (1991, 1992, 1993) unless otherwise stated. 

In February 1991, the depth of the thermocline decreased 
(increased) in the western (eastern) equatorial Pacific. 
These changes in the thermocline appear to have been caused by 
the eastward propagation of equatorial Kelvin waves. These 
waves were probably initiated by westerly winds that occurred 
in the western and central equatorial Pacific during November 
and December 1990. 

Positive SST anomalies decreased in the equatorial Pacific 
during March 1991 and the thermocline depth was near normal. 
In the western Pacific, low level westerly wind anomalies were 
observed. During April 1991, positive SST anomalies, the 
depth of the thermocline, and sea level increased in the 
central equatorial Pacific. During May 1991, positive SST 
anomalies increased as low level westerly wind anomalies 
formed throughout the equatorial Pacific. In June 1991 it was 


determined that an El Nino, or warm.episode, was in progress 
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because there were low level westerly wind anomalies, the SST 
anomaly increased eastward, the thermocline had deepened east 
of 160°W and shoaled in the west, and there was an increase in 
the upper ocean heat storage in the eastern Pacific. These 
conditions continued through July, August, and September 1991. 
A westerly wind burst of several weeks duration, west of the 
dateline, abruptly increased SST in September 1991, which 
interrupted the normal seasonal evolution of the equatorial 
cold tongue (McPhaden 1993). 

This westerly wind burst generated an equatorial Kelvin 
wave that increased the thermocline depth between 170°W and 
90°W and decreased it west of the dateline. The equatorial 
Kelvin wave also intensified eastward, propagating positive 
subsurface temperature anomalies near the depth of the 
thermocline (Figure 7). The equatorial Kelvin wave reached 
the coast of South America at the end of October 1991 and 
abruptly increased the SST along the coast of Peru. The 
equatorial Kelvin wave caused fluctuations of the upper 
thermocline from 25 to 50 min the central and eastern Pacific 
(McPhaden 1993). 

The warm episode continued to intensify in November 1991 
and December 1991. Low level westerly wind anomalies shifted 
further eastward in December 1991. In January 1992, SST 
anomalies continued to increase, the thermocline along the 
South American coast deepened considerably, and the SST along 


the Peruvian coast increased sharply. This was an indication 


IS 


that the warm episode had moved into the mature phase. The 
warmest equatorial water shifted east of the dateline to 160°W 
in February 1992. This was associated with a reversal of the 
SEC across the equatorial Pacific associated with the passage 
of the equatorial Kelvin wave (McPhaden 1993). Along the 
South American coast, the SST > anomalies increased 
substantially in March 1992. The mature phase of the warm 
episode was associated with deep (shallow) thermocline 
anomalies in the eastern (western) Pacific and positive 
(negative) sea level anomalies in the eastern (western) 
Pacific (Figure 8). The mature phase continued through April 
1992. 

The warm episode weakened from May to July 1992. The SST 
anomalies in the central Pacific decreased, the thermocline 
shoaled in the eastern Pacific and low level easterly winds 
strengthened in the eastern and central equatorial Pacific. 
By August 1992, equatorial eastern Pacific conditions were 
near or below normal. In particular, the easterly trade winds 
were normal, there was a negative SST anomaly, and the 
thermocline had shoaled. 

These conditions continued until November 1992 when low 
level easterly winds weakened throughout the Pacific. During 
December 1992, SST anomalies increased in the central Pacific. 
The weakening of the easterlies and the increase in SST 
anomalies signaled the return of mature warm episode 


conditions. The thermocline deepened (shoaled) in the eastern 
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(western) Pacific in January 1993. These conditions were 
Similar but weaker than those observed during the mature phase 
of the previous warm episode. These conditions continued into 
March 1993. The conditions in March had characteristics of 
the mature phase. The mature phase of the warm episode 
continued until June 1993. In June, the SST anomalies 
decreased in the eastern Pacific and the thermocline shoaled 
in the central Pacific. This indicated a weakening of the 
warm episode. The warm episode continued to weaken through 
July 1993, when the equatorial easterly winds strengthened. 
In August 1993, SST was almost normal, but the easterly winds 
were weaker than normal. 

The SST anomalies increased across the Pacific during 
September 1993, and the thermocline in the central Pacific 
deepened. Positive depth anomalies of approximately 20 m 
propagated eastward from 140°W to 120°W (Figure 9). This was 
probably caused by the passage of an equatorial Kelvin wave 
that was generated in August by the weakening of the 
easterlies. The propagating equatorial Kelvin wave increased 
thermocline depths and subsurface temperature anomalies in the 
eastern Pacific. In the wake of the equatorial Kelvin wave, 
the thermocline depth and subsurface temperatures returned to 
near normal between 140°W and 160°W. The equatorial Kelvin 
wave reached the South American coast in late October and 
increased the SST. A weaker equatorial Kelvin wave was 


generated in late October, and it reached 130°W in mid- 
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November 1993. 

The warm episode showed signs of weakening in December 
1993. The easterly winds increased to near normal intensity, 
there was a downward trend in SST anomalies, and subsurface 
temperature and thermocline depths were near normal throughout 
the equatorial Pacific. 

The 1991-1993 El Nifio contained three periods of strong 
equatorial Kelvin wave activity. This study will attempt to 
detect these equatorial Kelvin waves and any other equatorial 
long waves present during this period by using surface and 
subsurface temperature and current velocity measurements. The 
wind fields will also be used to determine the forcing 


mechanisms that generated the waves. 


C. PURPOSE OF STUDY 

In this study, the TOGA-TAO moored buoy array records of 
surface and subsurface ocean temperature and surface wind, 
along with the EPOCS current records, during the 1991-1993 El 
Nino were analyzed. These analyses were performed to identify 
propagating long waves in the equatorial Pacific ocean. 

The temperature, current, and wind records were analyzed 
uSing time series methods to determine the presence of waves, 
their characteristics, and their possible forcing mechanisms. 
The temperature records were also analyzed using a four 
dimensional visualization program called VIS 5D (Hibbard et 


al. 1993). This visualization was performed to enhance the 
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detection and characterization of propagating long waves. 
Four main questions were addressed in this study: 
(1) What equatorial waves occurred and what were t hea 
periods, phase speeds, spatial extent, and seasonal and 
interannual fluctuations? 
(2) Can tropical instability waves be detected during gem. 
1991-1993 El Nino using surface and subsurface temperature and 
current records? 
(3) What were the relationships of the detected wave types to 
each other, to the wind and other forcings, and to the 
evolution of the 1991-93 El Nino? 
(4) Can propagating long waves in the equatorial region be 
detected uSing computer animation of the moored buoy array 
data? 
Chapter II describes the observational data sources, data 
processing, time series methods, and the computer animation 
procedure. Results are presented in Chapter III and 


conclusions in Chapter IV. 
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a. DATA AND METHODS 


A. DATA 

The sea surface and subsurface temperature time series 
used in this study were recorded by the Tropical Ocean-Global 
Atmosphere Tropical Atmosphere-Ocean (TOGA-TAO) moored buoy 
array and the Equatorial Pacific Ocean Climate Studies (EPOCS) 
moored buoys. Current time series were also recorded by the 
EPOCS buoys. 

The TOGA-TAO Array consists of Autonomous Temperature Line 
Acquisition System (ATLAS) moorings. The ATLAS moorings 
measure air temperature, surface wind speed and direction, 
relative humidity, SST, and subsurface temperatures to 500 m. 
The temperature measurements are taken with thermistor chains. 
The EPOCS moorings consist of thermistor chains and current 
meters. They measure current speed and direction, surface 
wind speed and direction, and sea surface and subsurface 
temperatures. 

The buoys are located across the equatorial Pacific ocean 
from 95°W to 136°E and from 8°N (9°N at 140°W) to 8°S (Figure 
1a)... This study used wind and surface and subsurface 
temperature measurements from buoys located at 8°N, 5°N, 2°N, 
feeeee 2, 5°S, and 8°S at longitudes 110°W, 125°W, 155°wW, 


ieee, ands 165°Es at 9°N, SPN,» 2°N, O°, 2°S, and 5°S at 
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longitude 140°W, and at S°N, 2°N, 0°, 2°S, “ana 5°S = 
longitude 156°E. The EPOCS moorings used to obtain 
temperature data were located on the equator at 110°W, 140°W, 
169°W, and 165°E. The current measurements were from EPOCS 
buoys, also located on the equator, at 110°W, 140°W, 165°E, 
and 156°E. : 

The SST is measured 1m below the sea surface while the 
winds are measured 4m above. The subsurface temperatures are 
measured at different depths in the eastern Pacific than in 
the western Pacific because of the differences in 
stratification (Figure 11) (Hayes et al. 1991). The currents 
are also measured at different depths for different locations. 

The winds are vector averaged over 6 hours and the 
temperatures are averaged over 24 hours. These averaged 
measurements are telemetered to shore via Service ARGOS. The 
National Oceanic Atmospheric Administration (NOAA) Pacific 
Marine Environmental Laboratory (PMEL) in Seattle, WA receives 
the data and then makes it available to outside users via 
Internet anonymous file transfer protocol (ftp) procedures. 

The resolutions of the wind measurements are +/- 0.1 m/s 
for speed and +/- 10° for direction; the SST and subsurface 
resolutions are +/- 0.01°C (Kent 1993). The current 
resolutions are +/- 1 cm/s for speed and +/- 10° for 
direction. 

This study used data from 01 January 1991 to 31 December 


1993. This time frame encompasses the complete 1991-1993 El 
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Nino. 


B. MISSING DATA 

There were numerous data gaps in the temperature (Figure 
11), Current, and wind time series for 1991-1993. These were 
the result of equipment failures, losses in data transmission, 
and deployment of buoys after the beginning of the study 
period. Some of these data gaps were filled so that time 
series analysis techniques and computer animation could be 
performed. 

To fill in the temperature data gaps, MATLAB linear 
interpolation and averaging procedures were used (Anonymous 
1992, Little and Shure 1992). The current and wind data gaps 
were filled with zeroes. These data gaps were not filled by 
linear interpolation or averaging, because the current meters 
were located a considerable distance from each other and at 
only one latitude. Also, the winds tended to change 
considerably over short distances. 

The time series were linearly interpolated between depths 
to common depths. This was required for computer animation 
and to facilitate time series comparisons. The common depths 
@eeaean this study were 1, 25, 50, 100, 125, 150, 200, 250, 
300, and 500 m. 

For data gaps of 30 days or less, the data was linearly 
interpolated between the last data point before the gap and 


the first data point after the gap. For gaps greater than 30 
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days, TOGA-TAO and EPOCS temperature data were combined or 
averaging procedures were used. 

To fill gaps at the equator, data at 2°N and 2°S were 
averaged, as was done by Cooper (1992). Data gaps at 2°N/S, 
5°N/S, and 8°N/S were filled by averaging data at adjacent 
locations to the east and west. The buoy at 9°N 140°W was 
assumed to approximate the missing data at 8°N 140°W. 

To computer animate the TOGA-TAO fields using VIS 5D 
software, the data had to be located on a rectangular array in 
the x, y, and z directions. Since there were no observations 
at 8°S 140°W, 8°N 156°E, and 8°S 156°E, data there had to be 
generated. The data at 8°S 110°W and 8°S 155°W were averaged 
to give values at 8°S 140°W. Since there were no observations 
to the north of 5°N 156°E and south of 5°S 156°E, values for 
8°N 156°E and 8°S 156°E were set equal to zero. The VIS 5D 
software was then able to determine that these two locations 
did not contain useable data. Since there was a large 
longitudinal gap between 165°E and 170°W, time series were 
created for 177.5°E by averaging data for the two longitudes. 

This procedure for filling data gaps may have produced 
some unrealistic features in the computer animation and time 
series analyses. Therefore, caution was taken in the 
analyses. The filled time series were used in the computer 
animation, aS well as in time series analyses that required 
continuous data, such as cross-correlations and spectral 


analysis. However, to minimize problems with the artificially 
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generated data, most of the analyses were limited to time 


series that contained very little or no missing data. 


C. ANALYSIS METHODS 

Time series analysis methods were used to find wave-like 
features of interest in the buoy data. Prior to analysis, 
time series of the daily averages of all the fields were 
Calculated. These time series were then linearly detrended. 
Time-longitude plots of the unfilled data were examined for 
evidence of propagating waves. Where waves were detected, 
cross-correlations were calculated for the filled data to 
determine time lags between longitudes. These lags were then 
used to determine phase speeds. Note that in cases where 
phase speed and group velocity were not identical, it is 
possible that the calculated propagation speeds may represent 
group velocities. Cross-correlations were also used to 
determine relationships between the waves and the winds. 
Spectral analysis were used to determine temporal 
characteristics of the waves, to identify wave types, and to 
infer relationships between different wave types. The linear 
detrending and time series analyses were done with MATLAB 
programs (Anonymous 1992, Little and Shure 1992). 

The 95% significance levels for the cross-correlations 
were not calculated in this study. Kent (1993) used a six 
month subset of the data set used in this study and calculated 


95% significant levels at correlations as low as +/- 0.1. In 
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this study, any correlations with values above +/- 0.2 were 
assumed to be significant. 

The temperature data were animated using a visualization 
program called VIS 5D. VIS 5D is a graphics visualization 
software package developed at the University of Wisconsin - 
Madison (Hibbard et al. 1993). This software was run ona 
Silicon Graphics workstation attached to a SGI 4D/380 VGX 
System, with 256 MB of RAM and 8 processors and graphics 
capable of displaying 10° shaded polygons/sec (Weddle, 1993). 
This portion of the study was conducted to determine if this 
software can be used to conveniently and accurately detect and 


Characterize propagating long waves. 
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Lg le RESULTS 


A. DETECTED LONG WAVES 

In this study, ocean temperature and current time series 
were analyzed to identify propagating*long waves. Wind time 
series were also analyzed to determine possible forcing 
mechanisms for the detected waves. The time period of this 
Study was from 01 January 1991 to 31 December 1993, which 
included a strong and persistent El Nifio event. 

Due to the extensive amount of data used in this study, we 
use in this chapter the time series at 5°N 140°W, 0° 140°W, 
and 5°S 140°W, and the analyses based on these time series, as 
representative examples. These time series are representative 
of the other locations where long wave activity was detected. 

1. TEMPERATURE TIME SERIES 

The temperature time series were the primary data 
examined for evidence of propagating long waves, because they 
had long records at multiple depths and were available at all 
the buoys, which made it easier to detect and analyze wave 
activity. The data domain extended from 8°N to 8°S and from 
ie to 110°W. This made latitudinal and longitudinal 


comparisons possible. 
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a. 5°N 140°W 

Figure 12 shows the temperature time series at 5°N 
140°W. A seasonal cycle can be seen in the surface 
temperature signal with a maximum between June and September 
1991 (Figure 12a) and from May to June 1992 (Figure 12b). In 
1993, the seasonal maximum signal was’ not seen because of a 
data gap (Figure 12c). 

The largest temperature variability occurred 
during four time intervals. The upper layer temperatures from 
the surface to 75 m showed weak long wave activity from the 
beginning of the record at 01 January 1991 to March 1991 and 
from June to September 1991 (Figure 12a). There was strong 
activity from July 1992 to March 1993 and from October 1993 to 
the end of the record at 31 December 1993 (Figure 12b,c). The 
period of these waves waS approximately 30 days. Below 75 m, 
there was alSo wave activity at the same times. The largest 
amplitudes were from 100 m to 250 m and had approximately the 
Same period as the waves in the upper layer, as can be seen in 
Figure 12b from July 1992 to February 1993 and in Figure 12c 
from October to 31 December 1993. The upper layer (surface to 
75 m) temperatures tended to be low when the deeper 
temperatures were high, and vice versa. Figure 12b shows this 
relationship from September to November 1992. This 
relationship is discussed in section C4. Similar difference 
in near-surface and deeper wave activity were also present at 


8°N and 2°N, and from 110°W to 170°W (not shown). 
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b. O°? 140°W 

The temperature time series at 0° 140°W (Figure 
13) had a stronger upper layer seasonal signal than that at 
5°N 140°W. The maximum temperatures occurred from May to June 
1991 (Figure 13a), March to April 1992 (Figure 13b), and from 
April to June 1993 (Figure 13c). The*difference in the time 
period of the maximum upper layer temperature in 1992 compared 
to 1991 and 1993 will be discussed in section B8. 

The temperatures below 50 m showed strong 
variability while those at and near the surface have smaller 
variations. This can be seen in Figure 13b from January to 
March 1992. There was weak long wave activity in the upper 
layer at approximately the same time and with the same 
characteristics as at 5°N 140°W (e.g., July to December 1992, 
Figure 13b). There was, however, no deep wave activity of the 
type seen at 5°N 140°W during 1992 and 1993 (Figure 13b,c). 
The strong deep wave activity at 0° 140°W occurred from 
November 1991 to April 1992 (Figure 13b,c). These waves had 
a period of approximately 60 days. The deeper temperatures 
and the upper layer temperatures tended to vary in phase 
(e.g., January to February 1992, Figure 13b). Note that the 
time of the seasonal maximum temperature in 1992, March, 
(Figure 13b) was early compared to that for 1991, June, 
(Figure 13a) and 1993, May (Figure 13c). This will be 
discussed in more detail in a section B4. Upper layer wave 


activity was present from 8°N to 5°S and from 110°W to 170°W 
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(not shown). Deep wave activity was also present from 2°N to 
5°S and from 110°W to 170°W (not shown). 

cc. 6S °Seir40es 

There was much less variability in the temperature 
time series at 5°S 140°W (Figure 14). However, the upper 
layer wave activity seen at 5°N and 60° was evident. Figure 
14b shows this activity from August to December 1992. The 
deep wave activity seen at 0° was also evident but weaker 
(e.g., January to February 1992, Figure 14b). The wave 
activity and seasonal temperature variations were similar in 
their timing and in their latitudinal and longitudinal extent 
to those at 0° 140°W. 

2. CURRENT TIME SERIES 

The only current meter data available for this study 
were from four equatorial buoys (see Chapter II). Thus, wave 
activity in the currents could be analyzed only on the 
equator. Time series of the currents are very useful 
complements to the temperature records in detecting and 
characterizing propagating waves. 

The current meter record at 0° 140°W (Figure 15) is 
representative of the current records in our data set. The 
mean zonal current from the surface to 25 m was approximately 
zero (Figure 15a,b,c). There was strong variability in the 
direction of this near-surface flow from October 1991 to 


February 1992 (Figure 15a,b). This time frame corresponded to 
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the time of deep wave activity present in the temperature 
record (Figure 13a,b). Below 25 m, the dominant mean flow was 
eastward, corresponding to the Equatorial Undercurrent (EUC). 
Flow variations similar to those seen from the surface to 25 
m during October 1991-February 1992 were also present down to 
SeG5m (Figure 15a,b). These (werent swmin the’ current 
direction from 45 mto 80 m. Below 80 m, the current flowed 
to the west, but the speed varied. The period of these 
variations was approximately 60 days, which is the approximate 
period of the temperature fluctuations (Figure 13a,b) 
discussed in section Alb. 

The mean flow of the meridional current was 
approximately zero (Figure 15d,e,f). There were large 
fluctuations in meridional direction and speed from August to 
September 1991 at 3 and 25 m (Figure 15d); from July to 
September 1992 at 3, 25, and 45 m (Figure 15e); and from 
December 1992 to March 1993 at 25 m (Figure 15e,f). These 
correspond to the upper layer wave episodes discussed in 
Section Alb. The period of these current fluctuations was 
approximately 20-30 days which was the approximate period of 
the temperature fluctuations (Figure 13a,b,c) discussed in 
section Alb. These meridional fluctuations and the ones in 
the zonal current were also present at 0° 110°W (not shown). 

Figure 15 also shows other periods of strong current 
fluctuations. However, these fluctuations were not examined 


in this study because there were no corresponding large 
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temperature fluctuations associated with these current 
fluctuations. 
3. WIND TIME SERIES 

The wind time series were used to determine if any of 
the detected long wave activity appeared to be forced by the 
local wind. The wind records are from the same locations as 
the temperature data. Extensive analyses of the October 
1991-March 1992 equatorial wind data were conducted by Cooper 
(1992) and Kent (1993). In this study, relationships between 
the wind and the temperature and current data were determined 
for the entire 1991-1993 period and for equatorial and off- 
equatorial locations. 

a. 5°N 140°W 

The mean direction of the zonal wind (Figure 16) 
was to the west, corresponding to the trade winds. Weakenings 
Or reversals in the trade winds are called westerly wind 
events. There were numerous westerly wind events during the 
last half of 1991 (Figure 16a) and during much of 1992 (Figure 
Bio) 

The meridional wind had a seasonal alternation 
between northerly and southerly flow (Figure 16a,b,c). The 
northerly flow tended to occur during the northern hemisphere 
winter and spring while southerly flow tended to occur during 
the northern summer and fall. This cycle was also present at 


8°N and to a weaker extent at 2°N (not shown). This 
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seasonality in the meridional wind represents the seasonal 
shift in the intertropical convergence Zone. 
b. 0° 140°W 

There were strong westerly wind events during 
January and March 1992 (Figure 17b). These wind events were 
more pronounced at 155°W, 170°W, and 165°E (not shown). There 
were other strong westerly wind events from November to 
December 1991 at 155°W, 170°W, and 165°E (not shown). These 
events also extended from 2°N to 5°S (not shown). Cooper 
(1992) and Kent (1993) extensively examined these wind events 
and determined they were associated with tropical cyclones. 

The wind events from November 1991 to March 1992 
occurred just before or during the strong wave activity in the 
deep temperature record (Figure 13a,b) and the upper layer 
zonal current record (Figure 15a,b). 

The variations of the meridional wind were weaker 
and shorter in duration than those for the zonal wind (Figure 
17). The meridional wind did not show the strong seasonal 
oscillations present at 5°N (Figure 16). The mean flow was 
approximately zero from 0° to 5°S (not shown). 

c. 5°S 140°W 


The wind showed the same type of variability found 


at O°N (Figure 18). There are strong westerly wind events 
during December 1991 (Figure 18a), and from January to 
February 1992 (Figure 18b). These events also occurred before 
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or during the period of deep wave activity in the temperature 
record (Figure 14a,b). 

The time series of temperatures, currents, and winds 
contained extensive data gaps that made analyses of the entire 
three year study period difficult. Also, seasonal variations 
in the activity of different wave types made the analysis of 
the entire period problematic, especially for understanding 
wave physics. Therefore, for this study, most of our analyses 
focused on periods within the three year record when data gaps 


were minimal and when intense wave activity was present. 


B. EQUATORIAL KELVIN WAVES 

This section focuses on analyses of the 125 m temperature 
data and zonal surface current data at the equator, during 31 
August 1991-31 May 1992. These were locations and times when 
wave activity in the temperature record was strong and current 
data was available (Figures 19 and 20a). The waves at these 
locations and times are referred to, for convenience, as the 
91-92 EQ waves. A subset of this data (10 October 1991-31 
March 1992) was previously analyzed by Cooper (1992) and Kent 
(1993) in studies of the oceanic response to anomalous 
westerly wind forcing. The passage of equatorial Kelvin waves 
during this time frame was detected by Kousky (1991, 1992) and 
Cooper (1992). In this study, we used a longer record and 


concentrated on a more detailed analysis of the wave activity. 
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1. SPATIAL EXTENT 

Wave activity similar to that at 0° 140°W during 
September 1991-April 1992, October 1992-February 1993, and 
August -October 1993 (Figure 13) was also present at 2°N to 5°S 
during these times (not shown). Similar wave activity was 
also present several days to weeks earlier at 155°W and 170°W, 
and several days to weeks later at 125°W and 110°W (Figure 
19). It was also present in the zonal current at 0° 140°W 
(Figure 20a) and 0° 110°W (not shown). This wave activity was 
strongest from 2°N to 2°S and very weak at 5°S (not shown). 
Thus, this wave activity was strongest in the equatorial wave 
guide. There was no evidence of this wave activity in the 
western Pacific. This may have been due to large data gaps in 
the temperature and current data, poor horizontal resolution, 
and weak vertical temperature gradients in the western 
Pacific. 

2. TIME PERIODS 

Strong individual wave events occurred in the central 
Pacific 125 m temperature field from September 1991 to April 
1992 (Figures 12-14, 19). Weaker events occurred from 
November 1992 to February 1993, and August 1993 to October 
1993 (Figures 12-14, 19). 

The zonal current at 45 m and above showed several 
reversals of the SEC and strong fluctuations in the EUC from 


September 1991 to the end of February 1992 (Figure 20a). This 
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is the same period during which strong wave activity was seen 
in the temperature record (Figures 12-14, 19). The meridional 
current did not show any strong oscillations at these times 
(Figure 20b). 
3. WAVE PERIODS 

Wave periods were estimated using frequency spectra 
based on the 0° 140°W 125 m temperature and the near-surface 
current time series. For the activity during August 1991-May 
1992, September 1992-February 1993, and August 1993-October 
1993 (Figures 19 and 20a), these spectra show periods of 40 to 
70 days (not shown). The 91-92 EQ waves had a pronounced peak 
in the temperature and zonal current spectra from 
approximately 48 to 52 days (Figure 21a,b). There was a 
minimum at this period in the spectral energy of the 
meridional current (Figure 21c). Similar spectral analyses 
were done for the temperature and current time series at other 
times, depths, latitudes, and longitudes, where similar wave 
activity was present. These analyses also showed periods of 
40 to 70 days (not shown). These wave periods are similar to 
the 10 to 60 day periods observed for equatorial Kelvin waves 
detected in other studies (Lukas et al. 1984, Cooper 1992). 

4. DEPTH EXTENT 

In the temperature record at 110°W, the waves occurred 

at depths from 75 m to 200 m, with the strongest amplitude at 


100 m (not shown). From 125°W to 170°W they occurred from 
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100 m to 300 m and had their strongest amplitudes at 125 m 
(e.g., Figure 13). This difference between the eastern and 
central Pacific was related to the slope in the thermocline, 
which was deeper in the west and shallower in the east. The 
zonal current data showed wave activity from 3 m to 80 m at 
140°W (e.g., Figure 20a) and at 110°W (not shown). The 3 m 
zonal current data was used in many current analyses because 
it contained the longest continuous record and strongest wave 
signal. The daily averaging of the data (Chapter ITI) 
eliminated most of the surface gravity wave current signal. 
Correlations of temperature data at 2°N, 2°S, and 5°S, 
between different depths, showed no lags at and below 100 m 
(75 m at 110°W) (not shown). However, at 0° the temperature 
at 125 m led the shallower temperatures (e.g., surface 
temperature by 4 days and the 75 m temperature by 6 days 
(Figure 22a-d)). Temperatures deeper than 150 m lagged the 
temperature at 125 m by approximately 2 days at 200 m to 10 
days at 500 m (Figure 22g-j). This difference between depths 
was probably caused by variations in the background flow with 
depth. The current direction from 3 m to 25 m was primarily 
to the west due to the SEC, while from 80 m to 200 m it was to 
the east, due to the EUC (Figure 20a). The SEC likely slowed 
the eastward propagating signals while the EUC sped up these 
Signals. The lags at depths below 200 m cannot be explained 
in this way because no current data is available. This type 


of zonal current effect on equatorial Kelvin waves was also 
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noted by McPhaden et al. (1986). 
5. PHASE SPEEDS 

Time-longitude plots of temperature show the 91-92 EQ 
waves propagating from west to east (Figure 19). The phase 
speeds for these waves were estimated from cross correlations 
of the equatorial 125 m temperatures at different longitudes 
(Figure 23a-d). These correlations show that the 125 m 
temperature at a given buoy lagged that at buoys to the west 
and led that at buoys to the east. The phase speed was 
calculated by dividing the zonal distance between the buoys by 
the lead/lag time. The lengths of these lags and leads 
(Figure 23a-d) imply phase speeds of 1.9 m/s to 6.5 m/s. 
Similar correlations were applied to the zonal surface current 
(Figure 23e). The phase speeds computed using the temperature 
and zonal current data were in the same range. The phase 
speed calculated from the correlation between 170°W and 140°W 
was 4.3 m/s; between 155°W and 140°W, 6.5 m/s; between 140°W 
and 125°W; 1.9 m/s, and between 140°W and 110°W, 2.4 m/s. The 
phase speed computed using the zonal surface current was 1.9 
m/s between 140°W and 110°W. These differences in computed 
phase speeds could be caused by interaction with the 
background currents, differences aly gt the background 
Stratification, or local disturbances of the wave signal at 
the different buoy longitudes. This study did not investigate 


the causes of these differences. These eastward phase speeds 
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are generally consistent with the 2.5 to 3 m/s phase speeds 
observed for first baroclinic equatorial Kelvin waves in other 
studies (Knox and Halpern 1982, Miller et al. 1988, McPhaden 
et al. 1988, Hayes et al. 1991, Delcroix et al. 1991, Cooper 
1992, Johnson and McPhaden 1993). 
6. WAVELENGTH 

The cross-correlations in the previous subsection were 
also used to determine wave lengths. This was done by 
multiplying the phase speed by the number of days of lag 
between positive correlation peaks. This calculation gave 
wavelengths of 10,000 to 33,000 km, comparable to what Cooper 
(1992) found. 

7. TEMPERATURE AND CURRENT CORRELATIONS 

There was a strong positive correlation between the 
91-92 EQ wave activity in the temperature record and the zonal 
current at 3 m (Figure 24). Thus, when the temperature was 
high, the current direction tended to be eastward; and when 
the temperature was low, the current direction tended to be 
westward. There was very little or no correlation between the 
temperature and the meridional surface current (not shown). 
This is consistent with the vertical structure of a 
propagating first baroclinic mode equatorial Kelvin wave (cf. 
Figures 2a,3,4). Modeling (Giese and Harrison 1990) and 
observational studies (Knox and Halpern 1982, McPhaden et al. 


1988, Johnson and McPhaden 1993) of propagating equatorial 
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Kelvin waves also showed this relationship between temperature 
and zonal current. 
8. EVIDENCE FOR EQUATORIAL KELVIN WAVES 

Much of the deep wave activity at 0° 140°W (Figure 13, 
15a,b,c) was apparently due to the propagation of equatorial 
Kelvin waves. The previous subsections have presented 
evidence that the deep wave activity in the temperature 
(Figure 13) and zonal current records (Figure 20a) were 
propagating first baroclinic mode equatorial Kelvin waves. 
The waves were mostly confined to the equatorial wave guide. 
They propagated to the east at phase speeds consistent with 
those for equatorial Kelvin waves. The periods of the waves 
and their wavelengths were in the range of equatorial Kelvin 
waves detected by previous investigators (Miller et al. 1988, 
Cooper 1992). There were strong variations in the speed and 
direction of the zonal near-surface current while variations 
in the meridional near-surface current were much weaker. 
There was a strong positive correlation between the subsurface 
temperature data and the zonal near-surface current. There 
was also a strong positive correlation between subsurface 
temperature and surface temperature at the equator (Figure 
22a). When the downwelling (upwelling) phase of the 
equatorial Kelvin waves passed, they apparently raised 
(lowered) the sea surface temperature by warm water advection 


from the west and downwelling. All these features are 
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consistent with what has been observed during previous years 
of equatorial Kelvin wave activity (Knox and Halpern 1982, 
Erickson et al. 1983, Lukas et al. 1984, Miller et al. 1988, 
McPhaden et al. 1988, Hays et al. 1991, Delcroix et al. 1991, 
Cooper 1992, Johnson and McPhaden 1993). 
9. TEMPERATURE ANIMATIONS 

Temperature and temperature anomaly fields for the 91- 
92 EQ waves were animated using VIS 5D. The temperature 
anomaly fields were computed by subtracting the 1991-1993 mean 
temperature field from the total temperature fields. The 
discussion in this section is based on animations of 
temperature cross sections along 140°W and the equator on 17 
January, 01 February, and 14 March 1992 (not shown). These 
times corresponded to a minimum, maximum, and minimum in the 
temperature signal at 125 m (Figure 13b). 

The mean temperature cross section along 140°W showed 
the thermocline sloping from approximately 80 m at 8°N to 125 
mat 5°S. The thermocline bulged upward at the equator and 
cooler temperatures were present in the upper layer compared 
to the regions to the north and south. This indicated 
upwelling had occurred at the equator. The cross section 
along the equator showed that the thermocline sloped from 
approximately 125 m at 156°E to 60 m at 110°W. 

On 17 January 1992 the thermocline sloped downward 


from approximately 100 m at 8°N to 130 m at 2°N and then 
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bulged upward at the equator before continuing downward to 150 
mat 5°S. The upper layer was coolest at the equator. On 01 
February 1992 the thermocline deepened between 2°N and 5°S 
from approximately 150 m to 175 m and the upper layer warmed 
from 27.5°C to greater than 28°C. The temperature field on 14 
March 1992 returned to approximately ‘the same conditions as 
were present on 17 January 1992, except the thermocline was 
deeper north of 5°N and shallower from 2°N to 5°S. The upward 
bulge in the thermocline was still evident at the equator. 

There were positive temperature anomalies between 5°N 
and 5°S and from the surface to 200 mon 17 January 1992. The 
maximum positive anomaly was at 125 m between the equator and 
5°S. On 01 February 1992 the positive temperature anomalies 
increased in intensity throughout the water column. The 
location of the maximum positive anomaly deepened to 150 m 
between the equator and 2°S. The temperature anomaly field on 
14 March 1992 was considerably different than the one on 17 
January 1992. Negative temperature anomalies spanned the 
entire water column from approximately 100 m to 250 m. The 
maximum negative anomaly was located at 125 m between 2°N and 
the equator. 

The cooler temperatures, weak positive anomalies in 
the upper layer, and the upward bulge in the thermocline, at 
the equator, on 17 January 1992 and 14 March 1991 indicated 
upwelling had occurred. The deepening of the thermocline, the 


increase in upper layer temperature, and the presence of 
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strong positive anomalies throughout the water column between 
2°N and 5°S on 01 February 1992 indicated downwelling 
occurred. 

The presence of upwelling, followed by downwelling, 
followed by upwelling between 2°N and 5°S indicated that a 
wave propagated through this area. The animation gives a good 
representation of the passage of the upwelling and downwelling 
phases of propagating equatorial Kelvin waves. 

A longitudinal cross section of temperature along the 
equator on 17 January 1992 showed the thermocline in the 
western Pacific at 100 m. The thermocline deepened between 
170°W and 155°W to about 150 m, then shoaled to 125 m at 
140°W, and 100 m at 110°W. The maximum temperature is 
located at about 50-70 m between 156°E and 170°W. One e1 
February 1992, the deepest thermocline was at approximately 
165°W and the maximum upper layer temperature was at about 90 
mat 160°W. By 14 March 1992, the thermocline had shoaled to 
approximately 75 m and the upper layer temperature had cooled 
Gimoughout the Pacific. 

On 17 January 1992, between 100 and 150 m there were 
negative temperature anomalies in the western Pacific, strong 
positive anomalies between 170°W and 155°W, and weaker 
positive anomalies between 140°W and 110°W. By 01 February 
1992, the strongest positive temperature anomalies had moved 
to the east, from between 170°W and 155°W to between 140°W and 


125°W while the negative anomalies in the western Pacific 


43 


moved to the central Pacific. By 14 March 1992, the negative 
temperature anomalies at 125 m had propagated to the east and 
the deep layer positive temperature anomalies were only 
present in the eastern Pacific. 

The eastward propagation of the depressed thermocline, 
the upper layer temperature maximum, and the strong positive 
temperature anomalies followed by the negative anomalies 
indicated that subsurface waves had propagated from the 
western to eastern Pacific as shown in Figure 19. The phase 
speed of these propagating features was approximately 2.4 m/s. 
These waves are the equatorial Kelvin waves described in 
section B8. 

10. FORCING MECHANISMS 

There were numerous strong westerly wind events during 
31 August 1991-31 May 1992 (Figures 17a,b and 25). Similar 
wind events also occurred at 2°N, 2°S and 5°S (not shown). 
Cooper (1992) determined that these wind events probably 
caused the formation of the equatorial Kelvin waves during 
this period. There were strong positive correlations between 
the subsurface temperature data and the zonal wind located to 
the west (Figure 26). There was also a strong positive 
correlation between the zonal surface current and the zonal 
wind located to the west (Figure 27). No relationships were 
evident between the temperature or current data with the winds 


located to the east. 
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The cross-correlations also showed that, moving 
eastward away from the location of the westerly wind events, 
the lead time between the western Pacific zonal wind and both 
the subsurface temperature and zonal surface current increased 
(Figures 26 and 27). This was also detected by Cooper (1992). 

The strong positive correlation and the increase in 
lead time from west to east provide strong evidence that the 
westerly wind events in the western and central Pacific 
generated the equatorial Kelvin waves during 13 August 1991-31 
May 1992. Cooper (1992) came to the same conclusion using a 


shorter record. 


C. TROPICAL INSTABILITY WAVES 

The wave activity in the upper layer from 8°N to 5°S, and 
at deeper depths from 8°N to 2°N, (Figures 12-14) occurred at 
different times than those of the equatorial Kelvin waves 
(Figure 13). The focus in this section is on the analyses of 
temperature at 5°N 140°W (Figure 12) and of current data at 0° 
140°W (Figure 15). These analyses are representative of those 
based on data from other locations. Particular emphasis is 
placed in this section on the wave activity during 31 May 
Meee 30 April 1993 (Figures 12b,c, 13b,c, and 14b,c). During 
this period, there were few data gaps and the wave activity 
was especially strong. The waves during this period are, for 


convenience, referred to as the 92-93 5N waves. 
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1. SPATIAL EXTENT 

The strongest off-equatorial wave activity was at 5°N 
(Figure 12) and 2°N (not shown) and from 110°W to 155°W. Wave 
activity was present from 8°N to 5°S and from 110°W to 170°W 
(not shown). The waves were mainly confined to regions 
poleward of the equatorial wave guide. This spatial extent 
was observed by Legeckis (1977), Legeckis et al. (1983), 
Legeckis (1984), Hansen and Paul (1984), Pullen et al. (1987), 
Malardé et al. (1987), Halpern et al. (1988), Périgaud (1990), 
and Hays et al. (1991) for tropical instability waves. 

2. TIME PERIODS 

There were three main episodes of distinct wave 
activity at 8°N (not shown), 5°N (Figure 28), 2°N (not shown), 
0° (Figure 13), 2°S (not shown), and 5°S (Figure 14). 
Propagating waves occurred from July 1991 to January 1992 at 
5°N (Figure 28) and 2°N (not shown). These waves were not 
detected at other latitudes either because they were too weak 
or because data were missing. The waves present from June 
1992 to March 1993 were very strong and occurred from 8°N to 
5°S (e.g., 5°N, Figure 28; 0°, Figure 13b,c; 5°S, Figure 
14b,c). They were very weak at the equator (Figure 13b,c). 
This was also the case for the waves from June 1993 to the end 
of the data record at 31 December 1993. The first two 
episodes of wave activity can also be seen in fluctuations of 


the meridional current at 0° 140°W (Figure 29b) and to a 
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lesser extent in the zonal current (Figure 29a). Notice that 
these waves are only present in the northern hemisphere summer 
and fall. This is the time of year other investigators have 
observed tropical instability waves (Legeckis 1977, Legeckis 
et al. 1983, Legeckis 1984, Hansen and Paul 1984, Pullen et 
al. 1987, Malardé et al. 1987, Halpern et al. 1988, Périgaud 
1990, Hays et al. 1991) 
3. WAVE PERIODS 

The wave periods were also estimated using frequency 
spectra as discussed in section B3. The spectra were based on 
the 25 m temperature (Figure 28a) and current (Figure 29) 
data, the 125 m temperature data (Figure 28c), and the 120 m 
current data (Figure 29). For the 92-93 5N waves, these 
spectra show periods of 15 to 30 days at 25 m (Figure 30a-c) 
and 25 to 30 days for temperature at 125 m (Figure 28d) and 
currents at 120 m (Figure 28e,f). This difference with depth 
is discussed in section C4, below. Similar spectral analyses 
were done for the temperature at other latitudes, longitudes, 
depths, and times at which similar wave activity was present. 
These analyses also showed wave periods of 15 to 30 days. 
These periods are similar to the 20-30 day tropical 
instability wave periods observed by other investigators 
(Legeckis 1977, Legeckis et al. 1983, Legeckis 1984, Hansen 
and Paul 1984, Pullen et al. 1987, Malardé et al. 1987, 


Halpern et al. 1988, Périgaud 1990, Hays et al. 1991). 
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4. DEPTH EXTENT 

At 8°N, 5°N, and 2°N waves were present from the 
surface to at least 250 m (e.g., 5°N, Figure 12). The depth 
of maximum wave amplitude at 110°W was 100 m (not shown) while 
from 125°W to 170°W it was 125 m (Figure 28c). This depth 
variation was likely due to the slope’in the thermocline, as 
described in the equatorial Kelvin wave section, B4. The wave 
activity from 0° (Figure 13) to 5°S (Figure 14) was only 
detectable from the surface to approximately 75 m in the 
temperature record. This was probably due to a weak signal, 
caused possibly by the current shear south of the equator 
being weaker than to the north of it. The South Equatorial 
Countercurrent (SECC) is generally weaker than the NECC. 
However, wave activity at the equator was seen in the current 
record from the surface to 120 m (Figure 29). 

The waves in the upper layer (above 75 m) were 
apparently different from those in the deep layer (below 75 
m). There was no clear continuity between the waves in the 
upper layer and those in the deep layer (Figure 28). Waves 
were detectable at 25 m (Figure 28a) and 125 m (Figure 28c) 
but they were difficult to detect at 75 m (Figure 28b). As 
discussed in the previous section, C3, the period of the waves 
in the upper layer was slightly less than those in the deep 
layer. There was also a strong negative correlation at zero 
lag between the upper layer temperature and the deep layer 


temperature (e.g., Figure 31a). In the deep layer, the 
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temperatures were strongly positively correlated (e.g., Figure 
2aD)),. . 

One possible explanation for these differences is that 
the waves in the upper and deep layer are of different types. 
The results of numerical modeling studies of tropical 
instability waves by Philander (1978); Cox (1980), Philander 
et al. (1985), and Philander et al. (1986) indicate that 
tropical instability waves tend to be confined to the upper 
layer and may excite mixed Rossby-gravity waves that propagate 
downward into deeper layers. Thus, the waves at 125 m (Figure 
28c) may have been mixed Rossby-gravity waves which were 
overlain by tropical instability waves (Figure 28a). 

5. PHASE SPEEDS 

The time-longitude plots of 25 and 125 m temperatures 
at 5°N show that the 92-93 5N waves propagated to the west 
(Figure 28a,b). The phase speeds were estimated from cross- 
correlations of temperatures at 25 and 125 m at different 
longitudes (Figure 32a,b). These correlations show that the 
25m and 125 m temperatures at 155°W lag the temperatures at 
140°W by approximately 35 days (Figure 32a) and 33 days 
(Figure 32b), respectively. This implies a westward phase 
speed of 0.6 m/s. The range of westward phase speeds 
calculated for the wave activity at all locations and time 
periods was 0.5 to 1.5 m/s. There was no apparent dependence 


of phase speed on depth, latitude, and longitude. The phase 
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speeds found in this study are similar to the 0.4 to 0.93 m/s 
tropical instability wave speeds observed by Legeckis (1977, 
Pullen et al. (1987), Malardé et al. (1987), Halpern et al. 
(1988), and Périgaud (1990), and modeled by Cox (1980) and 
Gordon (1992). Observed (Wiesberg et al. 1979) and modeled 
(Cox 1980) mixed Rossby-gravity waves’ also had similar phase 
speeds of 0.35 to 0.45 m/s. 
6. WAVELENGTH 

The zonal wavelength of the 92-93 5N waves was 
calculated using the method described in section B6é. This 
calculation gave wavelengths of 1500 to 3500 km. These are on 
the order of the 400 to 2200 km tropical instability 
wavelengths observed by other investigators (e.g., Legeckis et 
al. 1983, Périgaud 1990). 

7. TEMPERATURE AND CURRENT CORRELATIONS 

The 25 m temperature at 0° 140°W from 31 May 1992 to 
30 April 1993 (Figure 13b,c) had a weak positive correlation 
at zero lag with the co-located zonal current and a very weak 
correlation with the meridional current (Figure 33). Thus, 
warm water in these waves was associated with relatively 
eastward flow and cool water was associated with relatively 
stronger westward flow. Since these correlations are based on 
equatorial data, these current variations presumably represent 
the weakening and strengthening of the SEC. These 


relationships are consistent with previously reported 
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temperature-current relationships associated with tropical 
instability waves (e.g., Legeckis et. al. 1983). 
8. EVIDENCE FOR TROPICAL INSTABILITY WAVES 

Based on their location, propagation direction, phase 
speed, and time period, the 92-93 5N and similar waves appear 
to be tropical instability waves. There is strong evidence 
for propagating tropical instability waves and suggestive 
evidence for mixed Rossby-gravity waves. The location of the 
waves, mainly to the north of the equator, and their 
occurrence during the northern hemisphere summer and fall are 
consistent with the tropical instability wave results from 
other researchers (e.g., Legeckis et al. 1983, Legeckis 1984). 
Also, the waves’ period, phase speed, wavelength, and 
correlation with currents are consistent with those previously 
determined for tropical instability waves (e.g., Legeckis et 
al. 1983, Pullen et al. 1987). 

The major difference between this study and others is 
that the instability waves were detected during an El Nifio 
event using temperature and current data. This study also 
provides the first observational support for the numerical 
modeling results of Philander (1978) and Cox (1980) that 
associated tropical instability waves with subsurface mixed 


Rossby-gravity waves. 


Sak 


9. TEMPERATURE ANIMATIONS 

VIS 5D was used to animate temperature and temperature 
anomaly fields of the 92-93 SN waves. The temperature anomaly 
fields were computed by the same method described in section 
B9. The discussion in this section is based on animations of 
temperature cross sections on 22 August, 03 September, and 18 
September 1992 along 140°W and 5°N (not shown). These times 
correspond to periods of intense wave activity between 8°N and 
2°N with a temperature maximum in the upper layer and minimum 
in the deep layer, followed by a minimum in the upper layer 
and maximum in the deep layer, followed by another maximum in 
the upper layer and minimum in the deep layer (Figure 12b). 

The mean temperature cross sections along 140°W and 
the equator were described in section B9. The mean 
temperature cross section along 5°N showed that the 
thermocline was at approximately 125 m from 156°E to 140°W. 
It then sloped upward to approximately 75 m from 140°W to 
110°W. The warmest upper layer water was between 156°E to 
L552 W.. 

The temperature cross section along 140°W for 22 
August 1992 showed that the thermocline sloped from about 80 
mat 8°N to 120 m at 5°N, then sloped upward to about 50 m at 
the equator and then back down to 100 m at 5°S. Cool water 
was concentrated in the upper layer between 2°N and 2°S. By 
03 September 1992 the thermocline had deepened to 125 m at 8°N 


and 150 mat 5°N. It then sloped upward to 100 m at 2°S and 
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then back down to 125 mat 5°S. The temperature in the upper 
layer between 8°N and 2°N had decreased while the temperatures 
to the south remained approximately the same as on 22 August 
1992. The temperature field on 18 September 1992 had similar 
characteristics to the one on 22 August 1992. The thermocline 
at 5°N had shoaled back to about 100-m and the upper layer 
temperature between 8°N and 2°N had increased. 

The temperature anomaly cross section for 22 August 
1992 showed negative anomalies throughout the water column 
from 5°N to 5°S. The maximum negative temperature anomaly was 
at 75 m between 2°N and the equator. On 03 September 1992, a 
strong positive anomaly was evident below 75 m, between 8°N 
and 2°N, while the anomalies to the south and above it were 
negative. The deep layer positive temperature anomaly 
between 8°N and 2°N had been replaced by a negative anomaly by 
18 September 1992. Thus, it took approximately 37 days for 
the negative temperature anomaly north of the equator to 
return. 

The strong out of phase variations in near-surface and 
deeper temperatures during this 37 day period, and the 
location of these variations in the eastern and central 
Pacific near 5°N show that the animation provides a good 
representation of the tropical instability waves and mixed 
Rossby-gravity waves. 

The cross section of temperature along 5°N, on 22 


August 1992, showed the thermocline sloping from about 125 m 
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at 156°E ®toP 100@iniweat Saree. By 03 September 1992, the 
thermocline had deepened between 170°W and 140°W. This 
deepened thermocline propagated to the west, and by 18 
September 1992 was between 170°W and 155°W. 

On 22 August 1992, there was a strong negative 
temperature anomaly between 170°W and 155°W at 150 m, anda 
weak positive anomaly from 110°W to 125°W at 100 m. By 03 
September 1992, the positive temperature anomaly had 
propagated westward to 140°W, increased in intensity, and 
deepened to about 200 m. Above this positive anomaly, there 
was a negative anomaly at 50 m. On 18 September 1992, this 
positive anomaly and the upper layer negative anomaly had 
propagated to between 170°W and 155°W. This propagation 
occurred at approximately 1.2 m/s. A second deep layer 
negative anomaly had appeared between 140°W and 125°W to the 
east of the positive anomaly, and a new positive anomaly had 
developed between 110°W and 125°W. 

The westward propagation speed of the deepening 
thermocline and temperature anomalies, and their upper layer 
location, and periods provide a good representation of 
tropical instability waves that overlaid mixed Rossby-gravity 
waves. 

10. FORCING MECHANISMS 
There were no strong correlations between 


temperatures, currents, and local winds in association with 
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the tropical instability waves. Thus, it appears that the 
local winds were not a major forcing for the tropical 
instability waves. Previous studies have reported that 
tropical instability waves are driven by barotropic 
instability between the NECC and SEC (e.g., Legeckis 1977, Cox 
1980, Hansen and Paul 1984). This could not be verified in 
this study because the current meter data was available only 
at 110°W and 140°W on the equator, away from the NECC and the 
area of maximum wave activity. 

There was no evidence that the tropical instability 
and mixed Rossby-gravity waves were reflected equatorial 
Kelvin waves. The tropical instability and mixed Rossby- 
gravity waves tended to occur at 110°W too long (about two 
months) after the Kelvin waves had apparently reached the 


eastern Pacific boundary (compare Figures 19 and 31). 


D. SUMMARY 

The analyses of the wave activity present during the 1991- 
1993 El Nino showed the propagation of first baroclinic mode 
equatorial Kelvin waves and of tropical instability waves in 
association with possible mixed Rossby-gravity waves. No 


equatorial or off-equatorial Rossby waves were detected. 
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IV. CONCLUSIONS 


A. SUMMARY AND DISCUSSION 

Temperature, current, and wind time series were used in 
this study sto detect and determine “the™ propertieama. 
propagating long waves and the forcing mechanisms that 
generated them. The time series were measured by TOGA-TAO and 
EPOCS buoys located in the equatorial Pacific Ocean from 8°N 
to 8°S and from 110°W to 156°E. The current meter buoys were 
only located on the equator at 156°E, 165°E, 140°W, and 110°W. 
The data examined spanned from 01 January 1991 through 31 
December 1993. This time period included the complete 1991- 
1993 El Nino event. 

The time series contained numerous data gaps. The 
temperature time series were filled using linear interpolation 
and averaging procedures. The current and wind time series 
gaps were filled with zeroes. The major analyses of the time 
series were conducted only for times when there were strong 
wave amplitudes and minimal data gaps. The filling of these 
relatively short data gaps using these techniques did not seem 
to significantly affect the results of the analyses. However, 
the use of the filled data in computer animation did cause 
some problems in visualizing wave activity away from the areas 


of more complete data records. Using the filled data, we were 
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able to detect three types of propagating long waves. 

Three episodes of propagating first baroclinic equatorial 
Kelvin waves were detected using temperature and current time 
series. These waves were most evident during September 1991- 
April 1992, November 1992-February 1993, and August 1993- 
October 1993. These waves were generally evident from 2°N to 
5°S, 170°W to 110°W, and extended from 75 m to 300 m. The 
strongest signals occurred at the thermocline along the 
equator in the central Pacific. The waves had periods of 40 
to 70 days, zonal wavelengths of 10,000 to 30,000 km, and 
eastward phase speeds of 1.9 to 6.5 m/s. 

The temperature and current fluctuations for the Kelvin 
waves were poSitively correlated. When the subsurface 
temperature was warm the zonal surface current was eastward, 
and vice versa. Interation of the waves with the background 
flow appears to have caused differences in phase speeds. 
Differences in background stratification or local disturbances 
of the wave signal at the different buoy longitudes may also 
have caused these differences. The vertical shear along the 
equator between the SEC and EUC may explain why, at the 
equator, the temperature at 125 m leads temperatures at 
Shallower depths by 4 to 6 days and lags the temperatures at 
deeper depths by 2 to 10 days. 

The equatorial Kelvin waves appear to have been generated 
by westerly wind events in the western and central Pacific. 


There were strong positive correlations between zonal wind in 
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the western Pacific and: (a) the subsurface temperatures (cf. 
Cooper 1992) and (b) the zonal currents in the central and 
eastern Pacific. 

Tropical instability waves were detected in the 
temperature time series and, to a lesser extent, in the 
current time series. There were thrée episodes of tropical 
instability wave activity: July 1991-January 1992, June 1992- 
March 1993, and June 1993-December 1993. These wave episodes 
occurred during the northern hemisphere summer and fall. Wave 
activity was evident from 8°N to 5°S and from 110°W to 170°W, 
with the strongest amplitudes in the eastern Pacific north of 
the equator but outside the equatorial wave guide. The waves 
had westward phase speeds from 0.5 to 1.5 m/s and zonal 
wavelengths of 1500 to 3000 km. The waves were detectable 
from the surface to approximately 250 m from 8°N to 2°N, 
although from 0° to 5°S they were only present in the upper 75 
m. This latitudinal difference may have been caused by the 
greater current shear north of the equator between the SEC and 
the NECC. The waves in the upper layer from 8°N to 5°S had 
different properties than the waves located in the deeper 
layer from 8°N to 2°N. The waves in the upper layer had 
periods of 15 to 30 days while those in the deeper layer (>75 
m) had periods of 25 to 30 days. There was also a strong 
negative correlation between temperature in the upper layer 
and the temperature in the deep layer. When the temperature 


in the upper layer was high, the deeper layer temperature was 
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low, and vice versa. Based on these findings the waves in the 
upper layer may have been of a different type then those in 
the deeper layer. The upper layer waves were apparently 
tropical instability waves (e.g., Legeckis 1977, Legeckis et 
al. 1983) while the deeper layer waves were possibly mixed 
Rossby-gravity waves identified in* modeling studies by 
Philander (1978) and Cox (1980). 

The forcing mechanism that generated the tropical 
instability waves and the mixed Rossby-gravity waves could not 
be determined. There were no strong correlations between the 
temperatures and local winds. No ocean current data were 
available in the area of maximum wave activity to use in 
estimating forcing mechanisms. 

By using latitude-depth cross sections, the downwelling 
and upwelling phases of the equatorial Kelvin wave could be 
inferred from the three dimensional computer animation of the 
temperature data. The equatorial Kelvin waves were detected 
propagating from west to east in longitude-depth cross 
sections. The advection of warm western Pacific water to the 
east and the fluctuations in the thermocline by the equatorial 
Kelvin wave could also be seen. 

The tropical instability waves and mixed Rossby-gravity 
waves could also be seen in the animation. The latitudinal- 
depth cross sections showed the warming of the upper layer 
followed by cooling, and opposite variations in the deeper 


layer. The fluctuation of the thermocline by the waves could 
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also be seen. The longitude-depth cross sections showed the 
same fluctuations from east to west. None of the waves could 
be detected using north-south cross sections because the areal 
resolution of the data was too coarse. 

These propagating long waves were dominant features in the 
equatorial Pacific ocean during the 1991-1993 El Nifio. They 
affected the SST and heat content of the ocean in different 
ways. The equatorial Kelvin waves warmed (cooled) the upper 
layer temperature by advection of warm water from the western 
(eastern) Pacific and by downwelling (upwelling). Based on 
the latitudinal extent of the detected equatorial Kelvin 
waves, they may well have affected the formation of tropical 
cyclones in the eastern Pacific, as hypothesized by Kent 
(1993). Further study is needed to better understand the 
relationship between equatorial Kelvin waves and equatorial 
weather conditions. 

The tropical instability waves and mixed Rossby-gravity 
waves changed the temperature and heat content in opposing 
ways. When the tropical instability waves warmed the near- 
surface, the mixed Rossby-gravity waves cooled the water at 
and below the thermocline, and vice versa. These effects 
likely caused major changes in the heat content of the ocean 
and its effects on the atmosphere. It is interesting that the 
June to September 1992 episode of tropical instability waves 
corresponded to the time when the second warm phase of the El 


Nino was initiated. This suggests that the equatorward heat 
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flux associated with the tropical instability waves (see 
Chapter I) may have initiated this warm phase and help extend 
the El Nifio into a second year. Additional data, especially 
current data, would be needed to determine if this suggestion 
is correct. 

This study provides the first comprehensive examination of 
propagating long waves during the 1991-1993 El Nino. Numerous 
propagating equatorial Kelvin waves were detected, along with 
possibly the first detection of tropical instability waves and 
mixed Rossby-gravity waves during an El Nino using temperature 


time series. 


B. FUTURE WORK 
Further climate studies should include these long waves in 
order to understand the full interaction between the tropical 
ocean and atmosphere. Some projects that could be addressed 
using this data are: 
(1) Examination of tropical instability waves during 
non-El Nino events and comparisons with those during 
El Nino events. 
(2) Deployment of current meters in areas of strong 
tropical instability wave and mixed Rossby-gravity 
wave activity to help determine and study the forcing 
mechanisms that generate them. 
is) ebessboration of the contribution of tropical 


instability waves and mixed Rossby-gravity waves to 
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the El Nino cycle. 

(4) Integrated modeling of equatorial Kelvin waves, 

tropical instability waves, and mixed Rossby-gravity 

waves. 

(S) Study of interactions between equatorial currents, 

Kelvin waves, tropical instability waves, and mixed 

Rossby-gravity waves. 

(6) Verification of tropical ocean analyses against 

TOGA-TAO temperature, current, and wind observations. 

We have conducted a brief preliminary study of temperature 

data from the Navy’s Optimal Thermal Interpolation Scheme 
(OTIS) during 1991-1992. This study showed that OTIS had only 
a poor resolution of the equatorial long waves detected in the 


TOGA-TAO data. 
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Fig. 1. Schematic of waves propagating from left to right. 
(a) barotropic waves, (b) baroclinic wave. From Gill 
(1982). 
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Fig. 2. Schematic latitude-longitude plots of velocity and 
pressure distributions in a horizontal plane for equatorial: 
a) Kelvin wave, b) Rossby wave, c) mixed Rossby-gravity 
wave. From Matsuno (1966). 
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Fig. 3. The buoyancy profile (N) and the zonal velocity 
Structure functions of the first four baroclinic modes for 
maeecdensity stratification: a) of the eastern Pacific, b) at 
160°E. From Giese and Harrison (1990). 
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Fig. 4. Schematic views of vertical structure of 
downwelling phase of first baroclinic equatorial Kelvin 
wave, (a) view looking north, (b) view looking east. From 
Mysak (1986). 
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Fig. 5. Time-longitude plot of ocean model zonal velocity 
(cm/s). Solid contour, showing eastward propagation, are 
for the first four baroclinic Kelvin wave modes (caption 
continued on next page). 
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Fig. 5. (Continued, see figure on previous page) Dotted 
contours, showing westward propagation, are for the first 
two Rossby wave modes. From Giese and Harrison (1990). 


74 





on | 
3 pb! NORTH EQUATORIAL COUNTERCURRENT 


ee) Ce see ee ee ee Ke SS SO 6 ie Pe ee ee 


c- ale SST FRONT ’ 


EQ | —-;-A_ 3B q c. 








oa SOUTH EQUATORIAL ‘CURRENT 


eee eee er te waeere et es FH seo eeveaeesnve 


>, cea rs 
. :920 WO: 100 = gow 


Fig. 6. Schematic of wave-like sea surface temperature 
fronts in the eaStern equatorial Pacific. Associated 

anticyclonic eddies estimated from drifting buoy tracks. 
From Legeckis et al. (1983). 
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Fig. 7. Equatorial ocean temperature anomalies for: a) 
September 1991, b) October 1991. Contour interval is 0.5°C. 
Positive (negative) anomalies are indicated by solid 
(dashed) contours. From Kousky (1991). 
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Fig. 9. Anomaly in the depth of the 20°C isotherm for the 
four week period ending 18 September 1993. From Kousky 
(1993). 
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Fig. 10. The TOGA-TAO moored buoy array in August 1993. 
Atlas moorings,% and current-meter moorings,O . 
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Fig. 11. Periods when temperature data was available (solid 
lines) for ATLAS and EPOCS buoys located at: a) 8°N 110°W, 
b) 5°N 110°W, c) 2°N 110°W, 


80 


O110Ww 
ete tan een ae eee ame ed ees nes nee Sa SE ES ON CS GO OM OU CO a OS UO 






ssf 


. 
rr en ee ee eee ee ee 











10m — es ee 

25m | ees 
45m a ee ie. 
60m = i enenenmennnmmetmnteeenttenentantenteetnetiien 
ROin - ee ee 


100m 
om \—--———— -—$_ —_-. ne te me 


14Nm 


r 7 és . . 
2NnOm SO ne ere ee re ie rt ae Ces ee ee ene ma ie Same eaten atineiaicteie eminem aie mano 


3NNM 


_- «= = e+e — en. o ome o- = wmem vom ee —“omeer ee eee ce ee el eee 
- 








500m }j ---——- -—— - -————-- —----- = ee ee + 


8 Oe TP Se Se Soe OS | eee Rete aime Mii Dele tls Mitel Mitek Re Semen SI PO Sma RR RS er Sa eee 


JFMAMJJASOND JFMAMJJASONDJFMAMJJASOND 


2S110W 





JFMAMJJASONOJFMAMJJASONOJFMAMJJASOND 
5S110W 
AA Pt 
- ak ie. 

20m 
40m. 
60m 
80m 
100m |. + 
120m 
140m 
180m 
300m 
500m 





NEU UASOND |) FRMAN J JASOND JEMAMJJASOND 


1991 1992 1999 


Fig. 11. (Continued) d) 0° 110°W, e) 2°S 110°W, £) 5°S 
110°W, 


81 


8S1t10W 


sst 
20m - 
40m 
60m - 
80m - 
100m 
120m 
1 !Om 
180m - 
ie ee ee = 
JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND ® 


Fig. 11. (Continued) g) 8°S 110°W, 


82 


BN125W 


ssi 
20m 
40m - 
60m 
80m 
100m 
120m 
140m: 
180m - 
300m 
500m - 








ee eee me a ot, 3 ee Se 6 ef : _ 

JFMAMJJASOND JFMAMJSJASONDJFMAMJJASOND 
5N125W 

(es TH SENT VES i eed Ve) Os OMT a 1 Yay lt el Ce OC ee Ge Oe cee 






ssi os Se 
20m a ee 
40m —— ava Ase 
60m a poe ee 
80m. —— rn 
100m ae Rea AO 
120m ee Ms, 3 ee 
140m —— ena ee —————— 
500m —— 


JFMAMJJASOND JFMAMJJASONODJFMAMJJASOND 
2N125W 


0... oo 

ee ee 
re oe we | 

os ee So : oo aa ae 

Bel ee a es Rrra ahh... 
= ie eee a 
a erereeneann n a | 


19m, °: ° _ eae a 
oo Se aera a 


500m 
JFMAMJJASOND JFMAMJJASONDJFMAMJJASONOD 
1991 1992 1993 


Fig. 11. (Continued) h) 8°N 125°W, 1) 5°N 125°W, 3) 2°N 
125°W, 


83 


0125W 




















sR nce ceri eee a ak Ee ne De Ga Dees ts Sa SOs el 
20m po oi Se ever aa 
40m a tc 
am Bibeninssersnee ava on 
80m a ao 
100m = a a ee 
20m |) gee a 
an ae eens Ao ae ar Pe 
180m =a) eee 
285m os  - 
295m oe 
455m cae = 


JFMAMJJASOND JFMAMJJASONDJFMAMJJASOND 
2S125W 


oath, 





JFMAMJJASOND JFMAMJJASONOJFMAMJJASOND 







5S125W 
[ae ee ee See Se Se See Wine ene Sane DSN TOS TASS SNS DS Clan Cals Ue Bee Sa lowe, Wes ene Deed Onet Ene lous eee Poe, Coe 

Ps wr es Bevin Se 
20m — —— 

Adm — 

60m ee Agee a 
BOn) —— ——~ 
100m —_—— ————- 
120m ee. ——— 


140m 
18Orn 


ee eee 5 Ae 5 ee 6 the A 8 Goo oe  é 
JFMAMJJASONDJFMAMJJASONODJFMAMJJASOND 
1991 1992 1993 


Fig. 11. (Continued) k) 0° 125°W, 1) 2°S 125°W, m) 5°S 
12520, 


84 


8S 125W 
RL TR YW ey MN Wee ms Py ae Sy ee ee ee eee ee Pe ee es a 


ee ee en ee — ee 


ssl 
20m 
AN 
fG0.N 
ROM 
100m 
17m - 
14m 
180m 
300m 
500m +7: 





JFMAMJJASONDJFMAMJJASOND JFMAMJJASOND 


1991 1992 1993 


Fig. 11. (Continued) n) 8°S 125°W, 


85 


ON140W 


sst 
20m 
40m- 
60m 
80m - 
10Nm 
179m - 
140m 
180m - 
300m 
500m 





JFMAMJJASONDJFMAMJJASONDJIFMAMJ JASOND 


SN140W 
a oe on el ee ee ee ee ee ee eee 


ssl 
20m 
A0m 
60m 
80m 
100m - 
170m 
140m. 
180m 
300m 
500m 








en ee ee ene ee rr 
JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 
2N140W 


ree eet er 


120m | 
140m 
18Nm - 
30m» 
500m 


——S a ee ee ee . A A A + a  B 





: A Peters ; 
JFMAMJJASONDJFMAMJJASONDJIFMAMJJASOND 41 


1991 1992 1994 


Fig. 11. (Continued) 0) 9°N 140°W, p) 5°N 140°W, q) 2°N 
140°W, | 


86 


0140W EPOC 





JFMAMJ JASONDJFMAMJJASONDUFMAMJJASOND ‘ 
2S140W 


ssl 
20m 
4m 
60m 
80m 
100m 
120m 
140m 
18m - 
300m - 
500m 





JFMAMJJASONDOJ FMAM J JASONDJFMAMJJASOND 
5S 140W 
scl) SS TTS gp Tae yal ey Dn ee Wy 
SO i aR  c ce_  O Ae 

2.3 -————— 
Amp - a 
ANm - 
Romi: : i 
om! —. ee. , Ree = 5 
ae pik ar: | , . ) 
140m 
180m 
300m 
500m 





a ama amen Ceara man) PET eA Se mm A YR fe Nee mah fives fiche t 


tt 
JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 


1991 1992 1993 


Fig. 11. (Continued) r) 0° 140°W, 8) 2°S 140°W, t) 5°S 
140°W, 


87 


BN1I5SW 
Saas TE Uns Sa US ns Sa WU CN US SD CY a sD Ss Ew Yn) De Js Uy Ot Do Td 


sst 
25m 
50m 


ae 








‘oe ee - -_ 
JFMAMJJASONDJFMAMJIJSA SONDJFMAMJJ ASOND 


5N155W 
htt tt tt dt id dk ds OS es ee ee 





a 
JEFMAMJJASONDJFEFMAMJJASONDJFMAMJJASOND  Y 
1991 1992 1993 
ONISSW 
een es eg ey ee ee eee 
Ww 





JFMAMSJASONDUFMAMJSJSJASONDSFMAMSJSASOND 


1991 1992 1993 
Fig. 11. (Continued) u) 8°N 155°W, v) 5°N 155°W, w) 2°N 
155°W, 


88 


O1SSW 
= ES ES TS Sy WP Ms a wl We He Ue a Gee! be ed a Pe 





° . : ; 
ober ee ee et ee ee i eee 
rer ge ls 
. . . . . * 
‘ * '. Se ae ee 
. e . . 
ne Sm 


Ge ae ae eet a ti 


SS easement — — 
* 
aE 640 +e og oe come ob 6 ¢ dyeD <e ate we 8 ee 
a See ee me ee Gee me 
——_—_ — . 
o 
. », 
a a . . me a ee 
. . 
. . 
—tmmmmmmaitacs ibe mmm le el) teres 
. . . ° 


ee ee i ee ee ee ee ee 
owe a eee eee me eee ee ms eee ome ee ee oe 
a ty ee oe a ee ee ee ee ee 


_ ry ee eee eee ee} om ewe © oe 





a ee a er payee ea cotinine’ in tn Se eee tao © Sea 


JFMAMIJIASONDJIFMAMJJASONDJFMAM,) JI ASOND 
2S 155w 








r “4 =- 
e . 
° ° 
a ee ° 
e . 
e - —= 
. 
. . 
e i 
° 
e 6 
° = 
. . ° . 
’ . . e ° 
’ ‘ ec thes 
. 
. . . . . 
q t- ae ee —— 
: . e 
. 5 . 7 . j 
-¢ é SS TT ye 
° . . O o 
. . . . 
e LF . r . . - 
* e e . 
: ° 
ee ee 
. 
oe . . _— a 
° . . : e 
* s e . . 
L} t a ll ie 
3 t - — 
. 1 - — 





JFMAMJJASOND JFMAMJSJASONODJSJSFMAMJJASONO 
5S 155w 


bit jid.f_tiLit tt 2! ese fee lie fOr es | eed Vie Ia 














_——a 
. 
° e ° ) a 
po ee nn amenieeneendl 
. . ° : 
: . . . 
EE ee ——-— 
. : 
eS SS ree na ee ene ae 
a 
. e * a er a ee 
. . 
° : F = . . 
le A NC 
| 
. 
| BP ad eae reais 
° . 
i . 4 ee ES 6 Ee 
- . = So ee eee ee 
rE 


ete er ee ee 2 ee ee ee ee re oe 








STE Sip 1 FAM SOND J FMAMURIN SO;)0 
1991 1992 1993 


| 


Fig. 11. (Continued) x) 0° 155°W, y) 2°S 155°W, 2) 5°S 
155°W, 


e 
= 


8S 155W 
a ee 

ssl | 

25m 

of: 0 
a nee : 
100m 

125m 

150m 

200m - 

259m 

300m 


I tt aa 


JIFMAMJJASONOJSFMAMJSJASONDJFMAMJSJASOND 





1991 ; 1992 1993 


Fig. 11. (Continued) aa) 8°S 155°W, 


90 


BN170W 


sst. 
25m 
50m 
75m 
100m 
125m 
150m 
200m 
250m 
300m 
500m 





JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND in 
5N170W 

ss! 
25m 
50m 
75m 
100-'n 
12En 
150m 
209m 
250m 
300m 
500m 





Cc 


patente lant Te 


JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 


dd 





1991 1992 1993 


Fig. 11. (Continued) bb) 8°N 170°W, cc) 5°N 170°W, dd) 2°N 
170°W, 


oi) 


O0170W (0169W 910220-911231) 
Ck ob tit tt a eer ere eee ee 


ssi ne  .--- 
26m 41 | aes ee ee ae Oe he rae ee oe | 
Bhan | ee eee 
75m | : Rae or. rad Sel es . . ope ow! 


109m | ——— 





195m} 3° -——— 

150m satay Sami, ee A+ 

200m se ta 

250m ere oo: sn aoe 

anim | ——- -=———__—_+—____._ — 

5COm i a i i ee 
tn ae rer aeerrmaererrr rrr r-rrao-l | ge 
JFMAMJJASOND JFMAMJJASOND JFMAMJJASOND 


2S170W 
el en Oe eo ee ee ee) 


ee Se ee eer 9 a SE ee 
a ee eee ey re 
See em ee ee 

—_ 


a ee 





. oe er oe <a | ff 
JFMAMJJASONODJFMAMJJASOND JFMAMJJASOND 


5S170W 
iy es Woes Wee ee eens et ye Ve ee a a hf ee ee 1) iol ae 





ssi P : - . . Se SR Gee ee ee eee 
2am . . : . 5 ee ° e e ; ° . °- i : EEE SR ee 
50m . : . : * . 5 - . . ing a 6 i A me 


75m e 5 . . . . : SE Ee 


1nNm 

ee | 1 ee eee 

15Am : . ° : ee ee a 
200m 

250m ow a 

300m ok — a ee ae ee en eo ee ee 
500m - i ee ee ee 


&& 


ae ee eee Seep etoen Se 


JFMAMJJASONDJFMAMJJASONOJFMAMJ JASOMND 


1991 1992 #a04 


Fig. 11. (Continued) ee) 0° 170°W, ff£) 2°S 170°W, gg) 5°S 


170°W, 


92 


8S170W 


ssi 
25m 
50m 
75m 
100m 
125m 
150m; 
200m 
250m 
300m 
500m 





JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 


1991 1992 1993 


Fig. 11. (Continued) hh) 8°S 170°W, 


93 


BNI65E 


ii 





ion ee ee 

JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 
5N165E 

i ered Wet We ele Vee OD Wd es eee ee ae 





SS a Qe 
Og Ce ayaa ee @ Qa ee a ke 
a ey Ae te, 


. é 
——— a et Coy cae 
ye pet tn 


SE co ab 


. . 
SS ee ee ee ee ee ee 


' : ' , ' oe SDE AIR MS gst at, ee oeee dood bee Bid tee jj 
JFMAMJJASONDJFMAMJJASONDJIFMAMJISJASONO 


2N165E 
pha a es a ee ee ec 














* ee e oe « 


— kk 
SFMAMJJASONDJFMAMSIJASONDSFMAMIIASOND 


199! 1992 1993 


Fig. 11. (Continued) ii) 8°N 165°E, jj) 5°N 165°E, kk) 2°N 


1652 


0165E EPOC 
Pe ee eee 








. ; . ’ : 4 : e , ht ‘ . ° . j : 1 4 : : 
+ ° ° ‘ . . » 
SS 2 e + . . . 
+ . + e © . ° ° e . . e . 
O . : a ° . . Fi . . . e , . - 
lm a ae en el em ae em Se ee ae ee ee 
. . . . . . ° e e + + 
oe ; . — ee 
5 . ’ . . ’ 
° é : ’ ° 5 
SS e ; : a <temenmnomncimmeany as 
‘ ‘ ; 
le « . a Sleesimmastianlilieammamenetied 
A . é e * 
. e : e . ° ° 
. ° . cl ° ° ‘ : 
——— A «fy —— ———— 
: . ° ° ’ 
° : O ’ ' . ’ 
ee A = te ee. e . . . te — ee 
. / . + + . . . . . + 
oe ee hk me ee he we pel ee el eh teed i 2 bs ; ee we ee oe ee 
, ‘ e : , . e . ‘ . : : : ; 
mpm ee > — Se 
; e : 
, . . . . . . ae eee 
. “ 2 e ’ . 4 . 
: Es : " 1 1 P A : & = 
; ee aor : 
° . . % 
ES ee ee 
——_! ee eee ee oe 
ee — 





Sane Aan. SOT SOUS ntl fmm Sone le Summ Se Demis Sta eed an fa en Sd oe eb ee Ab 


JFMAMJJASOND JFMAMJJASONODJFMAMJJASOND 
2S 165E 





ew ee. a : 5 6 = ° mm 
JFMAMJJASONOJFMAMJJASONDJFMAMJJASONDO 
5S165E 
EES eS a fC Me re Ue ee sy ret 








sst- = Se ee 
26mi : Ce 
50m7- ee esa ee aeaa 

sn) 0 OO FL ee eee 
10n40-°0 °° OC Sh OO +. 
OS ere an ee 
-— | Ss ve. eee =. 
8 a ee 
250m eer ree on as ee ee, 
3ram eae aan ener gt es Se ee 
~~! em 

I ttre SS Ses yong eSSe eh foe fae a el teh Tone sleet ool oe Toe oe nn 


JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 
1991 1992 1999 


Megentt. (Continued) 11) 0° 165°E, mm) 2°S 165°E, nn) 5°S 
PE5°E, 


95 


Fig. 





ll. 


8S 165E 
ACE eT ES oes le ETE 






ea ee 


oo 


JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 


1991 . 1992 


(Continued) 00) 8°S 165°E, 


96 


1993 





sst 


25m - 


50m 
75m 
100m 
125in 


150m - 


z0Om 
AS0rn 
3NCm 
500m 


ssi 
Jom 
5m 
10m 
30m 
50in 
75m 
100m 
125m 
150m 
175m 
200m 


225m. 


250m 
300m 
400m 
500m 


eam. 11. 


156°E, 


-~ ttt td dd hd 


ant SS ARURORE Sante Se MO Sen Same Bal 
JFMAMJJASONDJFMAMJJASONDJFMAMJJASOND 


ttt hk od. Pd 


I I I et en at 


JFMAMJJASONOJFMAMJJASONOJFMAMJJASOND 


1991 


. oe 





2N156E 


=a etwas 
i ee 


. a eS Ee 


a ee 
ea ms Ss me 
a a ae ee ee eee SE ee 


VooVaccCeasteane: 6 of 0 eo, Y oe gy 


JFMAMJJASONOJFMAMJJASONODJFMAMJJASONDO 


2 ee ye eee = ee eee es 


fms oe Se ee ~ 
(Rem ee ae ee a —_ ~ 
SaaS soa ee - 
Se ee ote ad 
SS a DS a mee - 
SGRSR Sie SE Ge Oo ey ne ee = 
SES a —_ = 
— a a EE oo — 
fe ees omen - tom 
°—_—eweome fll: 


ri poqor cco connie tan aa roy eyo 


Pee 


pA “Sp 
° , ° 5 ° 

. . . + é F ‘ . 
a Se 
. ‘ 

° ‘ . . + 
a 

. : . 
. . . . . > . ° 
a a me 
* ° . . c . . ° . . 
ET 

° 
a . : : 
. ° 

(ee 

. 
a 

‘ 

eh ee — 


a 





Ofste 


1992 


97 


ELL 


| 
| 
t 


| 
| 


AHA) 








1993 


(Continued) pp) 5°N 156°E, qq) 2°N 156°E, 


PP 


qq 


rr 


mn) O° 


2S156E oe 


Atttt tt ttt bit tt bb dt blk bb 





sst it - 0 re ee ee 

25m]: —— 

5am pale ee = = 2s 

75m | oe ee a 

inom _—- 

1?75m4 ee 
150m : : ee eee ee, & EAs net eo Cone oe oretac eteeee 
200m | 3 : a aS. Seo 
250m So wcaaeeeesceaes ease ae nh een foe cence 
joom} ———— —_____- a RN 85 a 
500m . ee, See 


eS ee at ttt ht 0 ee a et ee ts 


8S 
SFMAMJJASONNJFMAMSJSJSASONDJIFMAMSJSASOND 
5S 156E 
tt 





JFMAMJJASOND JSFMAMJJASONOJFMAMJJASOND 


1991 1992 1993 


Fig. 11. (Continued) ss) 2°S 156°E, tt) 5°S 156°E. 


98 





- WOOS=4 WOOE=f WOSC=] WOGC=H WOSI=5 Wod!=4 WOOR2 Ww 


Q WOS=D WSe=g ISS=V 








MOPINS ‘'sauas ew aunyesadwie | aoeunsans 


2 bap 


ae) = 
TOW 
> N 
WM fy rd 
fe ll 
4) OU fx, 
Q, 
Oris 
TOE 
o) 
TNO 
Owe 
“x Oo I! 
‘4p fx) 
Y4 
®M « 
WH Ee - 
Oo un £ 
Un (™~ © 
- Il © 
YNMAWN 
oo | 
AO «MY 
WH E 
«D) oe 
YQ ~wWn G&G 
Ol 
«) O 
es = 
HAN SE 
Ha EO 
nWM © 
VHNM 
hy ofl 
3--Mh 
4 
© = & 
oe = 
OH HO 
Un Il 
ERD AN 
or il 
ape) | 
=H“ ow « 
10) — & 
OHWpvo 
OO oO 
OW ON 
Tv il 
= oe 
2 O ®@ 
NO bP 
at OE 
4 U © 
e eo UW) 
OZ 
dao Gil 
fe tN -d 


99 


c661 











N = > Vv r r W Vv W 4 i Q 
WOOS=% WOOE=f WOESc=| WOOC=H WOSL=D WScl=4 WOOL=3 WG/=q WOG=D WSG7=g ISS=V Z 
ees) 
Ot 
Sl 
: 

Q 
4) 
(© 
- oO 

F 0c 





— 
- 
eae 
5 wee 
ee 





MOPLNG ‘S8uaS awit aunmyesadwa| soeynsqns 


{Continued = 


iZ 


Fig. 


100 





| 
4 ~ WOOS=H WOOE=F WOGe=| WOOC=H WOSI=9 Woel=4 WOOL=3 WSZ=Q WOS=D WGc=g ISS=V S 





= le 
—=—— 
oa be 
ne 
\2 
<— — 
—T_. 
=—... 
% 








Ot 


9 Bap 








MOPLING ‘SauaS ali, aimesadwas aoeunsans 


(Continued). 


Fig. 12. 


101 


q N O S V c [; W V W S c 


u i t { 


WOO0S=> WOOE=PF WOSC=| WOOZ=H WOSL=D Wocl=4 WOO=3 WSZ=Q WOG=O WCe=g ISS=V S 





Si i SI 


9 bep 





MOPVtNO ‘SQuaS awiy ainjesadwa | aoeynsqns 


Same as Fig. 12, except at 0° 140°W. 


Beye 


Fig. 


102 





WOOS=H% WOOE=C WOSc=1 WOOC=H WOSL=S WSZl=4 WOOL=3 WG/=Q WOS=D WG?c=g ISS=V + teG 





Ol 


> bap 





MOPiNO ‘S8uaS awiy aunyesadwa| soeynsans 


(Continued). 


1. 


Fig. 


106 





Lyn ae 


fi 









2 Sap 


(Continued). 


ese 


Fig. 


104 






WOOS=H WOOE=Pf WOSC=| WOGC=H WOSL=D WSel=4 WO0lL=3 WS/=Q WOS=D WS?e=€ Iss=¥ 


ae 7” a Ol 


> bap 





MOPLSs ‘SOS BWI, BINJesoGwe| adeyNsqns 


except at 5°S 140°W. 


Same aS Fig. 12, 


14. 


Fig. 


105 





WOO0S=> WOOE=f WOSd=!| WOOC=H WOSL=2 Wodl=4 WOOL=3 WC/=Q WOG=9 WS¢=g ISS=V S 


Ol 


—= 
2 Sap 





s/\. it ab fv | 
Miia, 3 MW Lewy as A 4 





MOFLSS ‘Seuas awiy sunjesadway 3deuNsqns 


(Continued). 


14. 


Fig. 


106 


2 Bap 





: nik | , “| = Val! N : 
Va Ae {\ \\ y My ‘ | ; ail v ave 4 Fay MM Cc 


es ie | ; “B\w NY 
: : pet NNG \ ence A A : Nae Li Ae An . 
ie - “4 ~ ee ¥* ~~ a | © _ nN. ; ees | 

: : i 2 ; J ~ /K we Nb EG ih ca Y 3; : | 

i — 5) A, men » & * ‘= : 

_j grr | 

ml 
| 





MOPlSG ‘3auas awity aumesadwa! soeunsqns 


(Continued). 


14. 


Ferg . 


OW 








Ost 
— Ogle 
ee ee ee 5 er ee ee Ww 
i oy Gv 
| 
Ba it 
Be ne RRS NE 
| | 
| <r oe, = a Oe ie EEN WGZ 
' 
—- 081 

| | 

=O9 t= 

| 
= ~ ees 
ae Ley ee ae ~ Ee ---+--+----------- om Lug 

~ 081 





MOP LNO "($/Wd) ANDOIBA JUIIINGD JO jUaUOdWOD nN 


Se) 


Cc) 


Zonal 


Det Or 1932. 


Time series of current velocity components at 0° 
a) for 1991, 


Speed scale range is -180 to 180 cm/s. 


1S 
OW. 
velocity component shown in: 
for 19937 


Fig. 
140 


108 




















. OB! 
, | OB l- 
! ji A | 
—ns - eee ee aN pln oe sores Oe ee ee ee ee ee eee iis WSC 
- 081 
! - 08 - 
i —_ To ee eet | 
a ee we 
} — 
, 258) 





MOP LNO ‘(S/WD) ANDOISA JUSIIND 4O JUaUDDWO ‘al 


Speed scale range is -180 to 180 cm/s. 


speeds indicate eastward 


sO 
gd — 
= 
eo 
*-d-d 
wv 
omen (0) 
OD 
© Yv 
ne 
- VY 
nm > 
red 
1) 
eer 
oO Ww 
‘ri O 
Ixy AY 


(westward) 


G@rrents. 


108 


Tae 











U 

cD) 

2 | 

S 

- 

se) 

cS 

. oO 

; O 
. ) O8t- ~ 
i | ° 
O WE in 

il = 

1 ‘ 1 ’ : : 08 | o 

MOPLNO (S/W) ANoO}aA JUaIND jO JUaUOdWOD A a 


F 








ell WOd1 











) O81 
O8t- 
RENN Came ee ge a 
i O81 
| O8t- 
te. &-. - Ff w~rwreeeereeeeeeerereereeeee we weeeree waerereeeeoeree ere wee — |— - & w= = = — aos 0 WCp 
I 
3 Ost 
ae cee ee O&l- 
i oo an wae = a ee 0 ny ee Oe en 0 wo 
| O8t 
i O8t- 
! | 
wi nae sii ae oN Pp Oe Paw, awe —-——- =— = = — |= — = St a ae 0 We 
: | | 
I 
-O8t 





MOP tNO (S/W) AIDOI8A yuauND JO juaUOdWOF A 


Positive 
(Southward) currents. 


ff) for 1993. 


speeds indicate northward 


Meridional velocity component shown 
Ligh 


EO 1992, 


(Continued) 
d) for 1991, e) 
(negative) 


Fig. 15. 
mn : 





a. . | . 
er - a ye = AW ee We Camas 0 Ww ¢ 





MOPLNO ‘{ 


| 
081 





$/WO) AIDOIaA JUaIND JO JUaUDGWOD A 


(Continued). 


15% 


Fig. 


Tez 


Liss 








= Ste! Sy 
ae) 
— O8t- w 
| e 
ys Pom. tot t 

MEE oS SS SS i ee a ioe = Se 1-0 Wc in 
: = 
eo a. = SS) ®..... soe. e) 
| | O8t 0 

: | O08 !- 
: { r) 
Ta ete i ae WE ok 
MOP7LNO ‘(S/WO) Alo0jaA 1UGIIND JO JUaUDDWOD A 3 





MOPtNs (s/w) AjoojaA Pulp, jO S}UdUDdWOD 


D) 


a) 1991, 


Time series of zonal (U) and meridional (V) 
114 


components of wind velocity at 5°N 140°W for: 


192, 


6p 
c) 1993. 


Fig. 





j ve iW LJ 


Wi 7 ee 5 N ae Gi 4 tN ae SA eal IW nad 


ob 


rn A Bu ce ‘ v\ f. ‘ a 7 
Mie i fl AWS MA ‘\ av | ow a all ‘Anil aly mL ' iw \ 1 ANA My vA Be 


ia ea ae Wi 





MOPS “(S/wW) Ald0}aA PUIAA JO SJUGUCGWOD 


Speed scale range is -12 to 12 m/s. 


Speeds indicate 


(negative) 


positive 


(Continued) 


16. 
fone component, 


Fig. 


winds. 
Speeds indicate southerly 


winds. 


positive 
(northerly) 


For V component, 


(easterly) 


westerly 
(negative) 





Ms 





ene al 





cl- 


| 
a A \ 
F NV ‘\ é \ ee ial, WAN; - 
“4/ | ‘ee | ’ yy 
ee. ee a ee a ee ey eee ee ee, bop 
| | 
l 
le 
| 
-St 





—= 





MOPLINS 'S/w) And0jaA Pulp, JO SJUaUOaWOD 


(Continued). 


16. 


Fig. 


116 


g N O S Vv tr i NV V W 3 tr 
(A 
NAY (Vote Nt ee pyoagit 
At 
Alas 








MOP LINO '(S/W) Allco|an PUI JO s)UaUOdWO4 


except for 0° 140°W. 
pl 


Same as Fig. 16, 


Lip 


Fig. 


pg Se SE ce 











(S/W) ANDOJSA PUIAA JO s1UaUODDWOD 


(Continued). 


LG 


Fig. 


118 


Jiu, 





Ni, 


. WWW \ ‘aw NA MMA I \ ey ! 
mye Py vena ey Vw ily i if any ae 


} 
1 
| 
| 
I 
| 
I 
! 
! 
I 
I 
1 
| 
I 
! 
I 
t 
i 
! 
| 
I 
| 
| 
| 
| 
1 
| 
| 
! 
| 
1 
| 
1 
| 
| 
| 
1 
st 
1 
1 
| 
j 
1 
| 
1 
| 
| 
1 
j 
1 
| 
© 
=) 
(Genta nwed ) . 





i? . 





MOP LINO (S/W) Ayan PUIAA JO S}UgUOdWOD 


Fig. 


vec aN ¥\ a naa 
? eal Nn ;\ ON a Pe ll Ni ane Ae \ i A eek War Wy 


Ge 


My oneytitnpdial tan deda -atiaheZ al ayer all 


ot 


iz 





MOFtSs ‘{S/w) AuNs0laA PuIAA jO SlUsUCTWOD 


except for 5°S 240°w: 


Same as Fig. 16, 


18. 


Fag: 


120 


MOFLSS © 





(Sw) AUDOIBA PUI JO SlUBUOdWO4D 


a rr ac a era 





(Continued). 


is. 


Pag. 


a 





my 


ap flyer al 


—_— 


ie 
| 
| 


— 





MOPtLSS ‘(S/u) A\D0jAA PUIAA JO SlUaUOdWOD 


cl- 


cl 


[- 


4 
0 


4 2 N 


(Continued). 


18. 


Fig. 


Zz 


ow Seeley ee ee ee ee ee ES Ee ee ee ee ee Ee ee ee oe ee ee eee 


— ae —_—— —_ — — — — —— = —_ee oe =m -“eam= * a= —_ ‘o—_ —_* = —— oe oe eee —_—e=e ems ° a= —[_ == = 


110W 


12 


140W 


E 
Te) 
av 
TT 
£ 
rol 
>= oO 
in O 
To! 
2 
oO 
a) 
O 
5 
= 
Mal 


= 
© 
~ 





5US ate OH HINO ZOOPLUS ASH TN INHNOZORDUS ISB OTD THI MOZO 


w- ©) O) = m- OON ~ Onn 


Fig. 19. Time-longitude display of temperature time series 
along the equator at 125m. Temperature scale range is 12 to 
Bw . 


123 


c66L c661 L661 
GONRO Ss 7 Ff Wey Weed Os vy FTWNVY NS PFONOSVrrWwvWgad fe 








| 
08 t 





48) 


Time series of current velocity components at 0° 
a) zonal component, b) meridional component. 


20. 
°W for: 
Speed scale range is -180 to 180 cm/s. 


Big 
140 


124 





C661 





c66 1 L661 


eos tit Wy NST ONOSVIFANVYVWarONOSVEFrTWYy Wa & 


——— (et 
| x-0 WOO? 


O8t 
O8l- 


mpateorers+0 WOR! 
— - 08! 
O8t- 

MarnminA-0 WOR 


Ost 
O8t- 





O81 


O81- 


—-~~-~r--- eer ee ere NMP ee Hee KH KK 2 A tN Panel ee aa >" Si - - NY C LU ¢ 


V 


2 


positive 


(westward) 


For zonal currents, 


(Continued) 


20. 


Fig. 


speeds indicate eastward 


currents. 
speeds indicate 


(negative) 


(negative) 


positive 
currents. 


Menremeridional currents, 


(southward) 


northward 


125 


Fig. 


ples 


1 10 


P ae lewd (days) 


‘ 

10 wees owen a OSC Fs a rg FO ee et 
H 5 e. 41> a Genes bs ° . e 
4 ” e ee s serene e- . . . e . e 
o.km, Cmca e . - Bue ®@ «t's @ en sees erere Se ae ey . “e 
§ 4 re UL oe) See : -¢ | Wier 
° Cd = Sl . ° = . . . . e 
° ° ° 
. ° : ° 
° ce 
: : 3 
° rh 
° ee 
9 . ° 
10 A Dery | 
“ween - ° . 
teres te 8 
oma 5 
‘ae. «6 
¢ Ae Mt 
; eg 
e e 
° ° 
‘ i] 
' : : 
10 cass ° 
oom e i 
B pet 
e * 
— ° ® 
G6 e ° s 
: She 
° : a 
‘ ~ a 
al in’ 5 ee 
ripcsses | 
e oon : LY 
: +e 
t > a 
° e« 

: : 

° : 














Fraruacwy (cycesitny} 














Pextod idays} 
10 





Pie erinnramr tire eerie re 
oS ie 
seuortecseugeraueenenrty ir 






¢ 

e 

: . f een ce 
| « ° of . . 
Hlices QUeeengereqeseregng: 

noes vast Voss: crs be. 

a: Pits ehises i ett. 
. © eens wet tm & 


pc UN : 22 


tate eee 


tee teeeeetee estes © Basorae 
waocten secretaen wO@n ce q : 
e . e soe e 
‘ .: ° = ry se 
° : Ar ae : | es = 
° os © « +i . ’ Zi ° 
= © @© @ © £8 «es “ee . he ° . 
5 * ‘ ° ° ° : 
° ° eo e wes @- e . e 


t) Ts : : mst ss loud 5 j : 5. een 

10 SETELECUESCHESUEGET GTS Saresyepeeerccereceguepeapeveggupeceggegeeveegeegaggesearugesguargescouses 

siaisisialsiaisie/s'oleteisltiedtetste)siseiatelcialiveta(sichim Mietiehs Meili Cteainclesetatais| a aiaharate Staistetaditesel saints is erste ano Be, 
wisisisisicie aie a aie aisisiaiiiaicsieei=silnnig(a\cstemMealtsrs  \eisis's iesiecisistsien (seis ( sama cece mnenieS 


ee Om ne e- = 
te 


oe ee = ° Sirs ew nse 

sherae ° ° ° “oe @ @ s 2. ° . e ° 

* . ° * eo 6 + «@ ° * ‘ * * 

ma e _ 9° ° . *8@ ee @ «@ e' . ‘ e . 

° . . . ‘ ere ° . ° . 

° ° . ee es e «© « ° . ° ® 

* . * « * ‘ei7e ° ° ° ° 

° oe @ ° ° ° ° 

10 ° rs ° eo se . ° ° ° 
ee eee 


ia’ 
10 {-77 


LUPPPPUUNereuapuggusentecetuegeregs 
estate ach sities Santee 






PRESEE RET Oe ees 
eeoenere 
eeeee es ene s@ereeen +e 
_@ oop 8 . 


ae 
. ° 

Aion, 4 a ee o. 
. . . 


] 
10 
Freacnrenry (cydacttay} 


Frequency spectrum at 0° 140°W from 31 Aug 91-31 


May 92 for linearly detrended: 4a) temperature at 125m, b) 
sonal current at 3m, c) meridional current at 3m. Dashed 
curves show the 95% confidence interval. 


“— 1 5 - cs 
DO frpretgeegguaguprsveenveguecs Puaveveggesetapgeges: pee se gqeeg: 
L Anes tee wesc ess cw rece : ole Seta ccerccreseccs meres Broce 
— 










: 

J 
es 
aC} 
° 

° 

‘ 





a5 8 Oe tee 
Aresoyorgurefeanscensy 
iga Ue gy rks eS Gg 
: net 


7 


=ee@rece 







ee Peer eee ae 
cee sere 


epi. girs: 





= a ee 
vual peebgesucicecg 
do biti: Se 


IAI 


OOOO EE 

































$0? 
« 
4 
5 ‘il m2 
5 n? 4 
4 
nA 
-n@ 
a 
-t — mgeccm 
-t00 “AO -60 -40 -20 0 
Lag (days) 
r wwongeaeee! geese § me, ©. oe ogee wee a 
b 
-t00 -€A0 60 40 -20 0 20 0 60 60 ion 
Lag (days) 
(tS a SS Se a ee Eee ee 
0A 
0A 
n4 
i 
E 
he 7 
er. 
3 0? 
O4 
‘0.8 
-08 
Cc 
<0 ————— 1 --—- — 4- SSS ——oe 
-tfo -AN ‘60 “40 -20 0 20 40 60 60 100 


Lag (days) 


Cross-correlations between linearly detrended 
temperature at different depths at 0° 140°W during 31 Aug 
91-31 May 92 between: a) 125m/lm, b) 125m/25m, c) 125m/50n, 
eye i25m//5m, 


e) 125m/100m, £) 125m/150m, 


Ne 7 


Cross~Coreaoon 





ee 


40 60 0 100 


-100 -BN -60 -40 -20 0 20 
Laa (days) ; 








o-08$-C.orretaoon 


ee eg 


-100 -60 -60 -40 -20 40 #0 100 


0 
Lag (days) 


Fig. 22. (Continued) "g) 125m/200mp7 ei) eiZ2om 250m, 2) 
125m/300m, 3) 125m/500m. Positive (negative) lag means that 
the second time series lags (leads) the first. 


128 


nn 
06 
04 
§ 02 


n 


= 


2 


04 


A 


ay | 





| | ee een eee ee 
109-808 AO 0 on 4n 80 a =—s:100 


Lag (days) 
| Se ee ee een Nee a re Cae eee 


On 





Of 


i) |) See eee 


-100 - -60 -40 -20 


20 40 


0 
Lag (rays) 


Fig. 22. (Continued). 


i238 


Cross-Correianon 
oS 





-100 -80 -60 -40 -20 20 40 60 80 100 


0 
Lag (days) 


Fig. 225) (Convinucae 


130 








A : : : ‘ : 

-100 - ft 110 -40 -270 0 20 40 60 a0 100 
Lag (daye) 

Oy sp a BR ey Cie oe a poe Seen 





er ey 


40 60 60 100 





n 2n 
Lag (days) 


ee ee ee eee te 










0.8 


0.4 


0.2 


= 


————— ne 


-100 “80 -60 -40 40 00 f0 100 


Lag (days) - 
Fig. 23. Same as for Fig. 22 but for cross-correlations 


between different longitudes. Panels a-d are for 
temperatures at: a) 125m, 0° 170°W/125m, 0° 140°W, b) 125m, 
0° 155°W/125m, O° 140°W, 


L3 


Cross-Corraiaton 
ao @ 8 oo 
@ fos ] & AD 
| a 
ou 


20 0 
Lag (days) 


Cross—Correiabon 
o © 
, AQ Qa 


= % 


-100 -80 -60 ~40 -20 20 40 60 80 


0 
Lag (days) 


Fig. 23. (Continued) c¢) 125m, 0° 140°W7 125m, OF 125° ice 
125m, 0° 140°W/100m, 0° 110°W. Panel e is for zonal 
current: e) 3m, O° 140°W/10m, O° 110°W. 


132 


ao 2 9 
pony io +) io +) ~~ 


o 
N 


Cross-Correiabon 
o 5S 38 
n oe A? So 


o 
o 


| 


8 


-60 -60 -40 40 60 80 100 


20 0 20 
Lag (days) 


Fig. 24. Same as Fig. 22 but for cross-correlations at 0° 
140°W between temperature at 125m/zonal current at 3m. 


135 


140W 


155W 


TOW 


165E 


156E 





5US KS 5D KINOZODRUS KSB IH I INOZO7AUS KIBO I KMNOZO 


—- OOD — —- Ona —- OM 


Fig. 25. Time-longitude display of zonal wind at the 
equator. Wind speed scale range is -12 to 12 m/s. Positive 
(negative) speeds indicate westerly (easterly) winds. 


134 


‘) —— *- —__!..__ tt Lf tt et Lk. 


© ee nee. 


OA 


nA 


n.4 


n? 





= 





. . . * 
Qe 


0 
-100 =. 80 #0 -40 20 





1) 40 60 286° AO 100 
Lng (days) 


Gi rm ee i Pc ee ee ee 





40 60 60 100 


Fig. 26. Cross-correlations between zonal wind at 0° 170°W 
during 31 Aug 91-31 May 92 and temperature at: a) 125m, 0° 
meeeew, bb) 125m, 0° 155°W, c) 125m, 0° 240°W, a) 125m, 0° 
ize, 


rs5 


0 Eee SS Le OE —eEEEE————EeEeE————EEEEEE—— 


0.8 


0.6 


Crogs-Correianon 
Ses 


4 : : : ; 
20 0 40 60 80 100 
Lag (days) 


9b a es = ee 





-100 -6€0 -60 -40 ~ -20 


0 
Lag (days) 


Fig. 26. (Continued) e) 100m, 0° 110°W. Positive 
(negative) lag means that the second time series lags 


(leads) the first. 


136 


06 
06 
0.4 


cr 
=e» 


0.2 


0.2 ) 7 | _ : . : \ 


Cross-Correiacon 
Qo 


-04 


-0.6 


-0.8 





——————————— 


-100 -80 -60 -40 -20 











0 20 40 ~~ 60 80 =: 100 
Lag (days) 


st 
0.6 


0.6 


[\ 


: —— \ 
Pin / -\ 


b 
eS ee eee 
40 60 80 ~—s: 100 





-100 -80 60 -40 ~~ -20 0 
Lag (days) 


Fig. 27. Same as Fig. 26, except between zonal wind at 0° 
170°W and zonal current at: a) 3m, 0° 140°W, b) 10m, O? 110°W. 


13g 


30 





110W 


20 


125W 





40W 


Latitude: 5N Depth: 25m 





S5uUS aS a5 KINO ZOTDUS IES IIH CNO ZO TDL SII IMO ZO 


—- OO - -—- OO A —-OoOC 


Fig. 28. Time-longitude display of temperature time series 
for 5°N at: a) 25m, b) 75m, c) 125m. Temperature scale 
range is 12 to 30°C. 


138 





° . ° Cy) . ° ° e 
owe ewe i ee eee eS —6o ee oe oe oe oe es oe ee oe oe oe oe oe ee ee ee ee, ee ee ee, oe je 
. 


12 


110W 


25W 


155W 140W 1 
Latitude: 5N Depth: 75m 


7OW 


1 





5S tea HINO ZODUS ee TH INO ZOTDUS eB OH OTH INO ZO 


—- OM —-OON —- Ono 


Fig. 28. (Continued). 
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Fig. 31. Cross-correlations between different depths of 
linearly detrended temperatures at 5°N 140°W during 31 May 
92-30 Apr 93. a) 25m/125m, b) 125m/250m. 
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Fig. 31. (Continued) Positive (negative) lag means that the 
second time series lags (leads) the first. 
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Fig. 32. Same as Fig. 31 but for cross-correlations between 
temperatures at different longitudes. a) 25m, 5°N 
155°W/25m, 5°N 140°W, b) 125m, 5°N 155°W/125m, 5°N 140°W. 
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Fig. 33. Same as Fig. 31 but for cross-correlations at 0° 
140°W between: a) temperature at 25m/zonal current at 25m, 
b) temperature at 25m/meridional current at 25m. 
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